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ABSTRACT

A study of the occurrence of nickel and cobalt in the Southeast
Missouri Mining District has revealed several significant geochemical
trends and mineralogical relationships.

Regional geochemical studies

indicate that the greatest concentration of nickel and cobalt occurs
in the Fredericktown area.

Mines in the Viburnum Trend also have sig

nificant concentrations of these metals.

Studies of the Viburnum Trend

have established that both nickel and cobalt decrease in concentration
southward from the Magmont mine to the Brushy Creek mine, increase at
the Fletcher mine, and decrease again at the Sweetwater mine.
A detailed geochemical study of the Buick mine has shown that this
same decrease southward is more pronounced at the mine level and that
copper trends very closely mimic those of nickel and cobalt.

The

north-south zoning is also substantiated by an observed decrease in
silicification from north to south within the Magmont and Buick mines.
Studies of the individual ore bodies reveal differences in metal zoning
which indicate that they may not be contemporaneous.
Nickel/cobalt ratios also show significant patterns.

For the

Viburnum Trend, the nickel/cobalt ratio gradually increases southward
from the Magmont mine to the Brushy Creek mine, then decreases south
ward from the Fletcher mine to the Sweetwater mine.

A vertical cross

section of one high cobalt-nickel zone within the Buick mine indicates
that nickel/cobalt ratios also increase toward the center of the zone.
An ore microscope and microprobe study reveals that although
siegenite is the dominant nickel-cobalt mineral present in the ores,
four other thiospinel minerals occur:

carrollite (Co^S^), nickelean

c a r r o l l i t e ( ( C o , N i j C u ) ^ ) , f l e t c h e r i t e ( ( C u , N i j C o ) ^ ) and polydymite
(Ni^S^).

The nickel s u lfid e s bravoite ((N i^ FejS g ), vaesite (NiS2) and

m i l l e r i t e (NiS), and the nickel arsenide g e rsd o rffit e (NiAsS) are also
present.
Thiospinel composition varies dramatically within the district.
Paragenetic studies of deposits in host rocks ranging in age from Precambrian to Upper Cambrian have shown that the strati graphically lowest
thiospinels are the most cobalt-copper-rich and nickel-poor.

Strati-

graphically higher thiospinels have an increasing nickel content and
a decreasing cobalt content.
Studies of Buick polydymite indicate that it formed by supergene
alteration of millerite late in the mineralizing sequence of the ores.
Furthermore, this alteration appears to have occurred subsequent to the
major stage of octahedral galena deposition but immediately preceeding
the deposition of cubic galena.
Nickel/cobalt ratios and concentration gradients support a duel
source for these metals, a major source in proximity to the Magmont mine
and a less important source near the south end of the Viburnum Trend.
Geochemical and mineralogical studies are consistent with a model which
postulates that early cobalt-copper-rich hydrothermal fluids generated
from basement sources near the Viburnum Trend migrated easterly and
mixed with basin derived, lead-zinc-rich brines at or near the present
site of the ore deposits.

With time, the nickel content in the hydro-

thermal solutions increased and copper and, to a lesser extent, cobalt
decreased.

During the waning stages of mineralization, supergene fluids

significantly altered the character of the mineralizing solutions
evidenced by concurrent dissolution and silicification.

as
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I.

A.

INTRODUCTION

PURPOSE AND SCOPE
The presence of cobalt and nickel in ores from the Southeast

Missouri Lead-Zinc District was first noted in the mid 1800's.
Subsequently, it has been generally recognized that cobalt and nickel
are present in appreciable amounts at many mines throughout southeast
Missouri.

For decades, the presence of cobalt and nickel remained

little more than a curiosity and at times a nuisance.

However, during

World War II attention was focused on the possibility of recovering
cobalt and nickel as marketable commodities.

This attention resulted

in the successful, though highly subsidized, mining of cobalt-nickelbearing ores in Madison County, Missouri, from 1944 to 1959.

Following

cancellation of government contracts in the late 1950's, the mining
of cobalt and nickel in Missouri ceased, and interest in their presence
waned.
Coincident with cessation of cobalt-nickel mining in southeast
Missouri was the discovery of the Viburnum Trend or New Lead Belt in
Iron, Reynolds and Shannon Counties.

With development of the new mines

in the Viburnum Trend, it became apparent that they also contained
appreciable quantities of cobalt and nickel.

These metals were present

in amounts that caused several of the mines to experience difficulties
in marketing certain concentrates.

Like their predecessors in the Old

Lead Belt, the mine personnel looked on the cobalt and nickel as a
nuisance and sought ways of reducing the amount of these metals in
their concentrates.
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In 1973, the United States Bureau of Mines selected the University
of Missouri-Rolla to undertake an evaluation of the cobalt-nickel
reserves in Missouri, a project on which this writer was privileged to
work.

The evaluation was part of an on-going research effort by the

Bureau of Mines to assess the availability of certain strategic com
modities in the United States.

This research was brought about in

part by the Arab oil embargo and the realization of this country's
serious dependency on foreign oil and strategic metals.
The thrust of the initial evaluation effort in Missouri was
directed at nickel since the U.S. is heavily dependent on foreign
import for much of its nickel supply.

Missouri was one of the first

states chosen since it represented the third largest known nickel
reserve in the United States.

Cobalt was chosen to be included in

the study because it is intimately associated with nickel in the
southeast Missouri ores.

It was also considered to be a strategic

commodity, though of lesser importance than nickel.
Figures 1 and 2 summarize the nickel and cobalt price trends from
January 1965 to January 1979.

The solid line represents the actual

price of the commodity in dollars per pound, while the dashed lines are
corrected for the effect of inflation by use of the Wholesale Commodity
Price Index.

When the decision to study nickel was made in 1973, it

appeared that America was in for a series of sharp price increases
similar to those occurring from mid 1972 to mid 1973.

However, the

nickel market leveled out by August, 1973, and since that time price
increases have not managed to keep pace with inflation.
The picture for cobalt is entirely different.

Since January,

1977, the price of cobalt has spiraled, making Missouri's cobalt

3

' Market price in real dollars
Market price in relative dollars

M ARKET PRICE PER LB.
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YEARS 1965 TO PRESENT
Figure 1. The real and relative price trends for nickel. Dashed line (relative price trend)
represents the corrected price derived from the Wholesale Commodity Price Index.

4

YEARS 1965 TO PRESENT
Figure 2. The real and relative price trends for cobalt. Dashed line (relative price
trend) represents the corrected price derived from the Wholesale Commodity Price Index.
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reserve economically attractive.

Using price quotes from Jan., 1980,

it is estimated that Missouri's proven cobalt reserve is valued at
$2.7 billion dollars and its nickel reserve at $400 million dollars.
Considering the value of the above reserves, it is not surprising
that several mining companies have expressed an interest in the
possible recovery of cobalt and nickel.

In 1976, tha AMAX Lead

Company of Missouri expressed an interest in a comprehensive study of
the cobalt and nickel occurrence at its Buick mine.

This interest was

prompted by the fact that their zinc concentrates contained sufficient
cobalt to make them unacceptable at the zinc smelter.

The writer

decided to undertake this study because of his strong background and
knowledge of cobalt and nickel as a result of employment as a graduate
research assistant

for the U.S. Bureau of Mines.

The study was to include detailed sampling of the mine to research
the mineralogy and geochemistry of the cobalt and nickel.

In addition,

textural and mineralogical associations of the cobalt and nickel were
to be described as a potential aid to the mining and milling process.
The writer has undertaken the above studies and expanded the project
to include a study of the occurrence of cobalt and nickel elsewhere in
the Southeast Missouri District.

Included in addition to the aforemen

tioned are a regional reconnaissance of the cobalt-nickel concentrations
at the various mines, mineralogic as well as textural comparisons,
regional paragenesis, modeling of certain aspects of the cobalt-nickelbearing ore fluids and implications with respect to the genesis of
these metals.

It is hoped that the end result is a greater knowledge

of the cobalt-nickel mineralization, and that this knowledge may
contribute to a better understanding of the genesis of southeast

6

Missouri ore deposits.
B.

LOCATION AND PHYSIOGRAPHY
The Southeast Missouri Mining District can be divided into two

large sub-districts.

The Old Lead Belt consists of the St. Joe mines

centered on the towns of Flat River and Bonne Terre, and the
Fredericktown-Mine LaMotte area to the south.

It is located about

70 miles (115 km) south of St Louis in St. Francois and Madison
Counties (Figure 3).
The New Lead Belt is 45 miles (72 km) to the west of the Old Lead
Belt.

It consists of a 45 mile (72 km) long, north-south trend of ore

bodies largely in Iron and Reynolds Counties.

All active mining is

presently restricted to the New Lead Belt with the exception of one
small mine near Indian Creek in north-central Washington County.
Samples for microscopic work were collected at the Buick and
Sweetwater mines in the New Lead Belt and from drill core and mine
dumps at Mine LaMotte, Higdon and Madison mines in the Fredericktown
portion of the Old Lead Belt.

All mines were accessible by paved or

gravel roads and most are clearly located on National Forest or lh
minute U.S. Geological Survey

topographic maps.

The Southeast Missouri Mining District is situated on the northeast
margin of the Ozark uplift along the southern edge of the stable
interior craton (Snyder, 1968).

The ore deposits and associated areas

of low grade mineralization form an arcuate, horseshoe shaped band
around the northern, eastern and western flanks of the Precambrian
St. Francois Mountains.
Precambrian igneous rocks form the core of the Ozark uplift.

The

rocks consist of a variety of granites, rhyolites, ash-fall and ash-flow
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tuffs, and less important intermediate to mafic rocks.

By Upper

Cambrian time, the topography had been eroded into a mature landscape.
Cambro-Ordovician sediments filled the basins between Precambrian
highs and in some instances entirely buried the Precambrian knobs.
The present physiography closely resembles that of the Late
Ordovician period.

Subsequent erosion has stripped off some or all

of the later sediments and modified the Precambrian surface to one of
low to moderate relief.

Within the sedimentary rock units the less

cherty formations have developed a gently rolling topography suggestive
of late maturity, while the cherty rocks have remained more resistant.
Streams draining the district flow in a meander system indicating
uplift and rejuvenation (Gerdemann and Myers, 1972).
C.

GEOLOGIC SETTING
1.

General Structure

feature in southeast Missouri.

The Ozark dome is the major structural
As previously stated, it consists of a

core of Precambrian igneous rocks approximately 40 miles (65 km) in
diameter.

Paleozoic sedimentary units deposited around this domal

structure dip tangentially away from it.

Thickening of Cambrian forma

tions to the south indicates that some tilting in that direction may
have occurred.
A system of faults developed peripheral to the Ozark dome.

In the

Old Lead Belt east of the exposed Precambrian, the Simms Mountain Fault
System closely parallels the southwest margin of the major ore trend,
while the Big River Fault System forms the northwest terminus of the
sub-district.

To the west in the New Lead Belt, the Palmer Fault

System lies north of the Viburnum Trend while the Ellington Fault
occurs near the southern boundry of the presently known deposits.

In
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addition, the Black River Fault roughly parallels the trend to the east
and eventually swings west to cross it.

Kisvarsanyi (1976) has found

that these faults form an irregular polygonal pattern centered on the
exposed Precambrian.

Prevailing thought is that these fault systems

were generated by prolonged, but slow uplift of the Ozark dome.
The age of many of these fault systems has long been a subject of
debate.

The most accepted view is stated by Kisvarsanyi (1966).

Faulting developed coincident with the uplift of the Ozark dome and may
have been initiated in the Late Precambrian.

The faults were rejuve

nated with each new period of uplift, and faulting has continued
actively into the Tertiary.

The New Madrid fault zone is an example

of a presently active zone.

This also explains the apparent pre

mineral existence of some faults and post-mineral existence of others.
The possibility that the fault systems may have acted as conduits for
ore fluids has been suggested and the prevailing evidence cannot rule
it out.
Another noteworthy structural feature is the presence of Paleozoic
crypto-explosive structures.

Numerous such structures have been mapped

and many others are thought to exist.

Kidwell (1947), Snyder and

Gerdemann (1968), Kisvarsanyi and Kisvarsanyi (1976) and Thacker and
Anderson (1977) all discuss these features.

The crypto-explosive

activity is predominantly post-mineralization and most individuals
believe it has not influenced localization of the ore bodies.
2.

General Stratigraphy

The stratigraphy of the lead-producing

area of southeast Missouri has been discussed in detail by numerous
individuals.

Among these are Hayes and Knight (1961), Howe (1968),

1 0

Howe, et. al. (1972), Snyder and Gerdemann (1968), Thacker and Anderson
(1977), Ojakangas (1963), Gerdemann and Myers (1972) and Larsen (1977).
The following brief discussion of general stratigraphy is taken largely
from the above references.
The Precambrian basement in southeast Missouri consists generally
of rhyolite porphyries which have been intruded by later granites.
Intermediate to mafic intrusive and extrusive rocks are known to occur,
but appear to be of far less importance.
The overlying sedimentary formations of Cambro-Ordovician age are
in order of deposition:

Lamotte Sandstone, Bonneterre Formation,

Davis Shale, Derby-Doe Run Formation, Potosi Dolomite, Eminence Dolomite,
Gasconade Dolomite, Roubidoux Sandstone and Jefferson City Dolomite
(Figure 4).

The Cambrian-Ordovician contact is placed at the top of the

Eminence Formation.

Of the above formations, only three, the Lamotte

Sandstone, Bonneterre Formation and Davis Shale appear to be important
with respect to localization of ore grade mineralization.
The Lamotte Sandstone is strongly arkosic near its basal contact
with the underlying Precambrian.
orthoquartzite.
highly permeable.

It grades upward into a nearly pure

The Lamotte is generally friable, crossbedded and
The contact between the Lamotte and overlying

Bonneterre Formation is gradational and is arbitrarily placed at the
point at which the percentage of dolomite exceeds the percentage of
quartz.

Because of its high porosity and permeability, the Lamotte

Sandstone is often regarded as a plumbing system for the ore fluids.
Ore grade mineralization occurs in only the upper 10-15 feet (3-5 m)
of the Lamotte and is restricted to the Old Lead Belt.
The Bonneterre Formation is the principal ore host in southeast
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Missouri and has accounted for 95% of all production.

It is a complex

carbonate unit consisting of micrites and calcarenites.

Typically it

is subdivided into a Lower, Middle and Upper Bonneterre.
Figure 5 is a generalized cross section of the Bonneterre Forma
tion near the Buick mine.

The Lower Bonneterre, consists of a sandy

dolomite, or transition zone, which is gradational with the underlying
Lamotte Sandstone, and in the New Lead Belt, an additional 40-60 feet
(12-18 m) of offshore shaly
complex.

dolomite which lies beneath the reef

The Lower Bonneterre was an important ore host in parts of

the Old Lead Belt.
The Middle Bonneterre, principle ore host in the Viburnum Trend,
is characterized by two distinct lithologies.
of a reef complex and its associated facies.

The lower portion consists
The reef, in turn, is com

prised of two subfacies, (1) the algal reef and (2) the associated
reef sands (Lyle, 1977).

The reef-forming organisms were described by

Howe (1966) as digitate stromatolites and after Logan (1964) are termed
vertically stacked hemispheroids.

Reef sands, composed of reef

detritus and ooids, interfinger with the reef.

The backreef consists

of burrowed carbonate mudstones and planar stromatolites, indicating
a low evergy environment.

The offshore facies consists of shaley

limestones and dolomites interbedded with mudstones and shales.

Both

carbonates and elastics exhibit the fine grain size characteristic of
a deep water setting.

The upper portion of the Middle Bonneterre is

comprised of a thick sequence of tan to brown oolitic sands and inter
bedded calcarenites.
sequence.

Thin shale seams are common throughout the

Lyle (1977) feels this portion of the Middle Bonneterre

was deposited in a high energy shelf environment.
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The Upper Bonneterre Sullivan Siltstone, a shaly,

laminated

quartz siltstone, generally marks the contact between the Upper and
Middle Bonneterre, but since this unit is not ubiquitous throughout
southeast Missouri, others have adopted different contacts, e.g., the
False Davis.

The Upper Bonneterre consists of a coarse grained

calcarenite with varying amounts of quartz sand, silt and shale.

In

places, the Upper Bonneterre is overlain conformably by, and grades
into the Davis Shale.

However, Thacker and Anderson (1977) feel that,

in general, the contact between the Bonneterre Formation and Davis
Shale is unconformable.
The Davis Shale forms the cap rock for mineralization.

Occasion

ally, through-going fractures contain some mineralization, but it is
not of ore grade.
shales,

The Davis typically consists of interbedded green

silty limestones and calcareous si Itstones.

Flat pebble

conglomerates and a high glauconite content are characteristic of the
Davis.
The overlying Cambrian and Ordovician strata contain no ore grade
mineralization and are thought to have played no role in genesis of
the ore deposits.

The Derby-Doe Run Formation is an argillaceous,

oolitic dolomite.

It is transitional with the overlying Potosi Forma

tion.

The Potosi consists of massively bedded, siliceous dolomite.

The Eminence and Gasconade Formations are composed of medium to coarsely
crystalline, cherty dolomites.

The Roubidoux Formation consists

largely of sandstone, with lesser amounts of interbedded cherty dolo
mite.

The Jefferson City Formation is a medium to finely crystalline,

cherty dolomite.

A pronounced erosional unconformity marks the top

of the Jefferson City Formation.
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3.

Mineralogy

The principal ore minerals in the Viburnum Trend

are galena, sphalerite and chalcopyrite.
is long.

The list of gangue minerals

The major gangue sulfides are pyrite and marcasite.

nonsulfides include dolomite, quartz, cal cite and dickite.

The

Minor

accessory sulfide minerals present are siegenite ((Ni jCoJ^S^),
bravoite ( ( F e j N i ^ ) , vaesite (NiS2 )» bornite, chalcocite and covellite.

Rare occurrences of the sulfides polydymite (Ni^S^), millerite,

gersdorffite, enargite, tennantite, digenite, djurleite, arsenopyrite
and fletcherite ((Co,NijCuJ^S^) have also been described.
The mineralization has been divided into three general types,
disseminated, colloform and open-space crystalline by Hagni and
Trancynger (1977).

The earliest disseminated mineralization consists

dominantly of crystalline pyrite, marcasite, sphalerite and galena.
Rare colloform textures have also been described in the early dissemi
nated pyrite-marcasite mineralization (Hagni and Trancynger, 1977).
For the second ore type, the writer prefers to use the term
massive in place of colloform, and restrict colloform to a textural
term.

The massive ores consist predominantly of colloform pyrite,

marcasite and chalcopyrite, with lesser amounts of sphalerite.
Colloform galena is rare.

The massive ores are later than dissemi

nated ores, but earlier than the open-space filling crystalline ores
(Hagni and Trancynger, 1977).
Galena is the dominant crystalline sulfide in the open space
filling ores with lesser amounts of sphalerite, chalcopyrite, pyrite,
and marcasite.

The importance of open space filling mineralization

varies from mine to mine, but in those mines with large scale solution
collapse features, it accounts for a significant portion of the mined
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ores.
a.

Galena

The most abundant sulfide present is galena.

occurs both as replacements and open space filling.

It

The replacement

galena can be divided into an early disseminated stage and a later
massive replacement stage.

Open space filling galena represents the

final major period of ore deposition.

Galena is normally coarse grained

with most grains exceeding 250 micrometers in size.

Single crystals

occurring as open space filling generally exceed 10 mm and often exceed
50 mm in diameter.

Both octahedral and cubic forms of galena are pre

sent, with the cubic galena forming large, shiny crystals, while the
octahedral galena crystals are smaller, more numerous and usually
duller in appearance.

Paragenetically, octahedral galena always

preceeds cubic galena.

Mines at the south end of the Viburnum Trend

are thought to have several repetitive sequences of octahedral-cubic
galena deposition (Clendenin, 1977, Paarlberg and Evans, 1977).

For

those mines at the north end of the trend, several periods of octahedral
galena deposition, but only one major stage of cubic galena deposition
has been detected (Hagni and Trancynger, 1977, Rogers, personal commu
nication, 1977).
b.

Sphalerite

Sphalerite is the second most important ore

sulfide with respect to abundance and economic significance.

It is

most common as replacement ore and less common as open space filling.
Sphalerite is generally fine grained with most grains 150 micrometers
or less in size.

Even in

open space mineralization, the sphalerite

crystals rarely exceed 4 mm in diameter.

Davis (personal communication)

feels that the different colors of sphalerite may represent separate
periods of sphalerite deposition.

The color difference may be a result
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of changes in ore fluid chemistry, and hence a great deal of interest
has been generated in trace element content of the sphalerite.

Much of

the sphalerite in southeast Missouri is of the crystalline variety and
close examination of polished sections often reveals the rotund shapes
associated with crystalline sphalerite.

Colloform sphalerite, so

common in the upper Mississippi Valley ores, is present, but is quanti
tatively far less important.
c.

Chalcopyrite

presently recovered.

Chalcopyrite is the only other sulfide mineral
Like sphalerite, it is most common in replacement

ores, but rarely occurs in the open space filling ores.
is dominantly colloform in texture.

Chalcopyrite

Crystalline chalcopyrite varies

greatly in grain size and crystal habit.

Small grains 20 to 150 micro

meters in diameter are often intimately intergrown with siegenite and
sphalerite.

Coarse grained chalcopyrite, exceeding 200 micrometers in

diameter is common in the massive replacement ores.
crystals of chalcopyrite rarely exceed 5 mm in size.

Open space filling
Chalcopyrite is

most often encountered in the stratigraphically lowest portions of the
southeast Missouri ore bodies and at the fringes of ore runs (Davis,
1960).

The general consensus is that much of the chalcopyrite was

deposited very early in the paragenetic sequence.
d.

Iron sulfides

The only gangue sulfides of importance are

pyrite and marcasite, and taken together, they may equal or exceed
galena in abundance.

Although no quantitative study has been performed,

tha writer believes that pyrite and marcasite may occur in approximately
equal proportions in the Lead Belt.

Pyrite appears to be more abundant

in the earliest disseminated mineralization, whereas marcasite is more
common in the later periods of iron sulfide deposition.

The grain size
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of both iron sulfides exhibits a wide range from the extremely fine
grained colloform ores to coarsely crystalline cockscomb marcasite and
stalactitic pyrite.

Pyrite more commonly occurs in the crystalline form

and marcasite the colloform form.
e.

Other gangue sulfides

abundant or rare.

All other gangue sulfides are far less

Among these are the many nickel-cobalt sulfides which

are the subject of this dissertation and will be dealt with in later
chapters.
Among non-sulfide gangue minerals, three are important:
cal cite and quartz.

dolomite,

Dolomite forms the host for the ore deposits.

Dolomite directly attributable to the actual period of ore mineraliza
tion occurs as small rhombohedrons (approximately 5 mm in diameter)
deposited in vugs relatively late in the paragenetic sequence, and may
occur as indistinguishable grains disseminated in the host rocks.
Cal cite occurs as large euhedral crystals often greater than 10 cm in
length.

It was one of the last minerals deposited.

Quartz was pre

viously thought to be rare in the Lead Belt (Gerdemann and Myers, 1972),
but it has been found to be quite common in those mines toward the
north end of the Viburnum Trend.

Its paragenetic position and signi

ficance will be discussed in a later section.
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II.

PREVIOUS INVESTIGATIONS

There has been no comprehensive study of the cobalt-nickel occur
rence in southeast Missouri.

References to the occurrences and

distribution of cobalt and nickel are restricted to brief notations at
individual mines.
The first mention of the presence of cobalt in Missouri ores was
made in 1819 by Schoolcraft.

During an inspection of a lead smelter

near Mine LaMotte, he noted a blue discoloration on the linings of the
furnaces.

He ascribed this to the presence of cobalt.

Grawe (1945)

indicates that during visits in 1823 and 1824 by the noted mineralogist
G. Troost, cobalt was detected in the smelter slag at Mine LaMotte.
Genth (1857) performed the first analysis on a suspected cobalt-bearing
mineral from the area.

He reported the composition to be approximately

30% Ni, 20% Co and 40% S, the remainder being iron and insoluble
residue.

He stated that the correct name for the mineral was siegenite.

Tarr (1921) identified siegenite in the Fredericktown ores.

He

indicated that miners had been calling the mineral linnaeite, but since
it contained more nickel than cobalt, it was more properly siegenite.
Tarr also described an unusual occurrence of siegenite (?) crystals
that psuedomorphed millerite.

He further noted that these radiating

needle-like crystals were coated by small cubic crystals of another
mineral.

Similar occurrences in the Viburnum Trend will be discussed

in this dissertation.
Short and Shannon (1930) performed additional analyses on Mine
LaMotte siegenite and pointed out the remarkable agreement of their
results with those of Genth 75 years previously.
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Tarr (1936) published the first complete paragenetic sequence for
Lead Belt ores.

His sequence of deposition placed siegenite after py

rite, but prior to chalcopyrite.

He pointed out however, that all the

iron sulfides, copper-iron sulfides and nickel-cobalt sulfides showed
considerable overlap.

For details of the actual paragenetic sequence,

and all subsequent paragenetic studies discussed, the reader is
referred to Trancynger (1975), pp. 4-30. Ohle (1940) published a
paragenetic diagram for the Ozark mine in Madison County, which
included siegenite.

It closely resembled the previous work of Tarr.

Rasor (1943) first recognized the presence of bravoite in ore
from the Old Lead Belt.

Rasor, a metallurgist, also offered some

observations on the paragenesis of the bravoite, but unfortunately
misinterpreted simple growth zoning as selective replacement of
pyrite by bravoite.

He also may have misinterpreted the paragenetic

position of siegenite with respect to bravoite (see figure 3, p 403).
Davis (1958, 1960) studied the distribution of cobalt and nickel
and other metals in the Old Lead Belt.

He concluded that cobalt and

nickel were present in siegenite and bravoite, and that the high
cobalt-nickel zones were in the same general areas as the most intense
copper mineralization, along faults in the western part of the district.
Moh and Otteman (1964), using microprobe techniques previously
unavailable, showed that Fredericktown bravoite consisted of alternating
zones of bravoite and vaesite.

The vaesite was said to contain

appreciable cobalt, exhibiting Co:Ni ratios from 1:4 to 1:3.
also present in amounts of 2-5%.

Copper was

Recent microprobe analyses for this

dissertation and previous analyses by Dr. James Craig (personal com
munication) tend to indicate that both cobalt and copper determinations
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may have been in error as no other naturally occurring vaesite has been
found to carry these elements in such large amounts.
El Baz (1964) undertook a study of pyrite-bravoite zoning at
Fredericktown as a major portion of his dissertation research.

He

concluded that the zoning was a result of lattice imperfections and/or
surface effects of these imperfections, and temperature and pressure
changes during crystal!ization.

However, handicapped by the lack of

quantitative equipment, his mineral identifications were sometimes
incorrect, and he was unable
thiospinel compositions.

to detect significant differences in

Also, his paragenetic sequence does not

appear to represent a full spectrum of Fredericktown ores.
Snyder and Gerdemann (1968) briefly discussed siegenite and bra
voite.

Their observations were in agreement with those of previous

authors and Davis (1958) who suggested that siegenite occurred inti
mately associated with chalcopyrite.
although

They were the first to note that

the siegenite was commonly found in areas of copper minerali

zation, it was more closely associated with pyrite than chalcopyrite.
They also pointed out that bravoite was a minor constituent of the ores.
The paragenetic sequence of Snyder and Gerdemann shows siegenite before
chalcopyrite and after most of the pyrite and marcasite.
Taylor and Radtke (1969) studied silver-bearing sphalerites from
the Flat River area, and also analyzed two cobalt-nickel sulfides which
they called phase A and B (Table I).
as cattierite.

Phase A was identified tentatively

Phase B was simply called an iron-cobalt-nickel sulfide.

Examination of their photomicrographs suggests that phase B is most
likely bravoite.

Their analytical results for phase B require 58-62%

sulfur to be present to bring the microprobe total to 100%.

Because
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TABLE I

ANALYSES OF TWO UNKNOWN COBALT-NICKEL-IRON
PHASES (FROM TAYLOR AMD RADTKE, 1969)

Element

Phase A

Phase B

Co

25.8%

10-15%

Ni

12.1%

3-5%

Fe

9.3%

22-28%

S

52.6%

not given
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pyrite and bravoite contain about 48-54% sulfur, the probe results
appear to be open to interpretation.

Phase A may be cattierite, but

based on both the microprobe analysis and photomicrographs of a zoned
intergrowth, it also appears to be bravoite.

Taylor and Radtke noted

that both minerals have cobalt-nickel ratios which differ markedly
from those reported by Moh and Otteman.
Krantz (1970) studied trace elements in galena and also noted that
in Magmont ores most of the siegenite was deposited after chalcopyrite.
He concluded that iron was the most abundant transition metal in the
ore solutions and that cobalt was the least abundant.

He did not study

nickel.
Kastler (1972) studied three small bornite pods at the Fletcher
mine in the New Lead Belt.

He reported the presence of minor amounts

of vaesite, gersdorffite, tennantite and enargite.

He also gave quali

tative analyses for several unidentified mineral phases.

Kastler's

paragenetic sequence shows considerable overlap but in general, the
pyrite series minerals are followed by the linnaeite series minerals,
with the arsenic-bearing minerals next in the sequence followed by the
copper sulfides.
Bhatia (1976) studied the geochemistry and spatial distribution of
trace elements at the Magmont mine.

He reported that some element pairs

showed positive correlations, for example cobalt and nickel, supporting
previous work by Davis (1958, 1960), Snyder and Gerdemann (1968) and
Krantz (1970).

He also demonstrated that trace elements within single

crystals displayed well patterned trends of increases or decreases
during traverses of the crystals.

Further, spatial distribution showed

a definite pattern with a progressive decrease in cobalt and nickel
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toward the surface.

Bhatia concluded that the ore fluids changed with

time.
Mantei (1977) studied trace elements in galena from mines in the
Viburnum Trend.

Although he did not include cobalt and nickel in his

study, some of his results bear on this dissertation.

He found that

antimony and silver displayed distinct zoning patterns and interpreted
this zoning to be a function of direction of movement of the ore fluids.
He postulated the presence of several convection cells beneath the ore
bodies which caused the ore fluids to move upward and laterally.

One

convection cell was situated at the north end of the Magmont mine with
fluid flow to the north and south of that point.
Trancynger (1975) and Hagni and Trancynger (1977) studied para
genesis of the Magmont mine ores.

They noted the presence of five

periods of siegenite deposition and a like number for bravoite.
Siegenite was found to be deposited after chalcopyrite in most
instances and have a strong affinity for the high copper areas in the
mine.

Bravoite was deposited with the other iron sulfides.

No

additional cobalt-nickel sulfides have been detected at the Magmont
mine.
The Viburnum Trend issue of Economic Geology contained several
papers which touched upon cobalt and nickel.

Grundmann (1977), Rogers

and Davis (1977) and Mouat and Clendenin (1977) listed polydymite among
minerals found at the Viburnum 27, Buick and Sweetwater mines.

James

Davis first identified polydymite in 1973 from chemical and microprobe
analyses performed on crystals found at the Buick mine.

Sweeney,

Harrison and Bradley (1977) indicated siegenite is a common constituent
of the Magmont central ore body, where it occurs in intergrowths with
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chalcopyrite.

Rogers and Davis (1977) mapped a cobalt-nickel zone in

the Buick mine along the east flank of the west ore body, where the
cobalt-nickel sulfides were reported to be associated with chalcopyrite,
sphalerite and galena.

In addition, they observed metal zoning within

the mine that indicated significant changes in the character of the ore
fluids.

This will be discussed in more detail in a later chapter.

Mouat and Clendenin (1977)

discussed the geology of the Sweetwater

mine and identified millerite as a minor constituent of the ores.
Kisvarsanyi (1977) discussed the possible role of the Precambrian
igneous basement in the formation of the Viburnum Trend deposits.

He

indicated the Precambrian was a good potential source for some of the
copper, nickel, cobalt, zinc and lead, and listed the numerous copper,
cobalt, nickel, zinc and lead bearing minerals found in the Precambrian
basement.

He postulated a model whereby basinal brines, moving along

the Lamotte-Precambrian contact and circulating along faults and frac
tures into the Precambrian, leached metals from the crystalline rocks.
Further, Kisvarsanyi recognized the possibility of a separate early
stage

of copper mineralization in the Upper Lamotte that is pre-Vibur-

num Trend mineralization in age.
Craig and Carpenter (1977) analyzed an unknown mineral discovered
by Kastler (1972) at the Fletcher mine.

They showed that it was a new

thiospinel series mineral which they named fletcherite ((Cu,Ni,Co)gS^).
Fletcherite was observed to occur in contact with bornite, chalcopyrite,
covellite, vaesite, digenite and tennantite.

The reported composition

of fletcherite extended the known compositional limits of the thiospinel
series minerals.
Fass (1980) studied directions of ore fluid movement as indicated
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by crystal asymmetry.

Although he discussed nickel-cobalt minerals

only briefly, his observations on fluid movements are of interest.

Fass

found a very complicated pattern in many of the mines and noted that
different minerals showed different directions of asymmetry.

The general

trend of ore fluid movement shown primarily by quartz overgrowths was
from north to south at the Buick mine.
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III.

A.

MINERALOGY

BUICK MINE
1.

General Geology

cussed in detail by Davis,
Davis (1977).

The geology of the Buick mine has been dis

Rogers

and Brown (1975) and

Rogers and

Only those points of particular importance to this

dissertation will be considered here.
The major Buick mine ore bodies occur within linear, north-south
trending, solution collapse features in the upper 100 feet (30 m) of
the Bonneterre Formation.

The Bonneterre, in the mine area, is

approximately 300 feet (90 m) thick.

The major ore bodies are con

fined to the shelf facies carbonate sand (Lyle, 1977).

Smaller, and

as yet largely undeveloped ore zones occur within the reef calcarenites.
These have not been studied in any detail by the present writer and
will be alluded to only briefly in this dissertation.
The ore breccias are from 100 to 300 feet (30 to 90 m) wide and
30 to 85 feet (9 to 26 m) thick ( Rogers and Davis, 1977).

They are

continuous for the entire five mile length of the Buick mine property.
Figure 6 outlines the current mine workings.

It can be seen that two

to four subparallel, sinuous breccias are present in any one area.
These breccias are characterized by outward dipping boundary fractures
and round, bowl-shaped bottoms.

Displacement along the boundary

fractures is small, usually less than 10 feet (3 m) at the bottom and
30 feet (9 m) at the top.

Rogers

and Davis (1977) have shown that

each breccia has a characteristic ore mineralogy which enables its
identification even when two breccias converge or cross one another.

Figure 6. Map showing the extent of the Buick
mine workings in July, 1979.
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2.

Mineralogy

Ore minerals at the Buick mine are galena, sphal

erite and chalcopyrite.
sulfides.

Pyrite and marcasite are the major gangue

Other sulfides reported to be present are siegenite, poly

dymite, bravoite, vaesite, bornite, and arsenopyrite.

Non-sulfide

gangue minerals include dolomite, calcite, quartz and dickite.
a.

Galena

Buick mine.

Galena is the most abundant sulfide mineral at the

It is usually coarse grained and occurs in both the cubic

and octahedral crystal forms.

Subsequent leaching of both cubic and

octahedral galena has occurred (Figures 7 and 8) with leaching of the
latter much more common.

Trace element analyses of four of the

writer's galena samples by Dr. S.H. Stowe of the University of Alabama
are shown in Table II.

The samples are listed from paragenetically

youngest at the bottom to oldest at the top.

It will be noted that

with the exception of antimony (Sb), there is a general trend for trace
element contents to decrease with time.

Mookherjee and Philip (1979)

have studied pyrite and found that an increase in total trace element
content is an indicator of higher temperature of formation.

Thus, the

galena analyses appear to show a trend of decreasing temperature for
the ore fluids with time.

Because the apparent anomaly for antimony

would be difficult to rationalize with this explanation, the writer
believes that other factors may be at least as important in controlling
the trace element contents of galena.

It is also noteworthy that cobalt

and nickel maintain roughly the same ratio to one another.

This is the

ratio that is most characteristic of siegenite.
b.

Sphalerite

Sphalerite is the second most abundant ore sulfide.

It is generally fine grained with well formed megascopic crystals
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Figure 7. Leached and etched octahedral galena. Later
cubic galena has been deposited on the octahedral galena.

Figure 8. Cubic galena displaying triangular etch cavi
ties. Cube is approximately 3 cm in diameter.
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TABLE II

TRACE ELEMENT ANALYSES OF GALENA
FROM THE BUICK MINE1

Sample No.______________Element (Parts per Million)
Ag

Cd

Co

Cu

Mn

Ni

Sb

Zn

4

64

139

34

40

17

46

284

5349*

3

24

27

181**

19

6

263**

231

342

2 .

9

14

22

6

9

34

386

12

1

8

10

20

7

4

28

546

11

^All analyses by atomic absorption, Perkin-Elmer AAS 503.
by S.H. Stowe, University of Alabama.
*Impure; some sphalerite present
**Impure; siegenite inclusions present

Performed

32

extremely rare.

Both colloform and crystalline sphalerite are present,

with the latter more abundant.
different colors.
colors.

A characteristic of sphalerite is its

Rogers and Davis (1977) recognize five distinct

Subsequent observations by the mine staff and this writer,

indicate that at least two other colors may be present.

Each color of

sphalerite is characterized by a distinct trace element suite.
Table III is a summary from the work of Rogers and Davis (1977).
Comparing table III with table II, it can be seen that the total con
centrations of trace elements in sphalerite are much greater than those
in galena.

Also, the concentrations of these elements vary markedly

with color. - The writer is presently undertaking an additional study
of trace element contents in the various colors of sphalerite.

Although

that work is not complete at this time, preliminary results suggest that
the darker colored sphalerite contains greater amounts of cobalt and
nickel.

Also, uncontaminated sphalerite has greater concentrations of

cobalt than nickel, a fact that is in agreement with Rogers and Davis
(1977).
c.

Chalcopyrite

mic importance.

Chalcopyrite is the only other sulfide of econo

It shows a much stronger tendency to be zoned with

respect to the ore bodies than do either galena or sphalerite.

Also,

the bulk of the chalcopyrite mineralization appears to have taken place
early in the depositional history of the ore mineralization.

It is

characterized by its almost ubiquitous association with siegenite and
a preference for the colloform morphology.

Colloform chalcopyrite can

be extremely fine grained, <5 micrometers in diameter, whereas late
vug filling chalcopyrite crystals are a few millimeters in diameter.
No trace element analyses have been done on Buick mine chalcopyrite.
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TABLE III

SPHALERITE ANALYSES FROM THE BUICK MINE
(ADAPTED FROM ROGERS AND DAVIS, 1977)

Fe(ppm)

Cu(ppm)

4,000

3,040

100

pure

100

7,130

9,280

230

pure

780

680

7,100

22,100

290

pure

65.7

220

130

6,150

3,480

120

pure

Black

44.8

1,280

1,810

4,390

75,600

24,400

impure

Brown

60.6

1,440

1,500

8,450

13,600

6,700

impure'

Co (ppm)

Ni(ppm)

Color

%Zn

Yellow

66.26

130

100

Brown

68.66

380

Brown

63.4

Brown

Cd(ppm)

^chalcopyrite and siegenite inclusions present
2chalcopyrite present

Comment
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However, due to its intimate association with siegenite, it probably
contains appreciable amounts of both nickel and cobalt.

Analyses of

chalcopyrite from the Magmont mine by Bhatia (1976) showed an average
nickel concentration of 34 ppm.

This is less than would be expected

by the present writer since tentative x-ray analyses of Buick mine
chalcopyrite showed nickel concentrations in excess of 100 ppm.
d.

Pyrite and marcasite

dant gangue sulfides.

Pyrite and marcasite are the most abun

They occur in all parts of the mine and

throughout the depositional sequence.

Both crystalline and colloform

pyrite and marcasite are present, the former texture more common of
pyrite and the latter of marcasite (Figures 9 and 10).

One interesting

feature noted during polished section study was the apparent alteration
of pyrite to marcasite and vice-versa with the retention of some of the
characteristics of the previous mineral.

The grain size of both minerals

varies greatly, with pyrite displaying the greatest range.

Much of the

pyrite and some of the marcasite possesses minute inclusions of bravoite.
In the crystalline ores, these inclusions take the form of zoned grains
of bravoite, while in colloform ores, the bravoite occurs as single
bands interspersed within the pyrite or marcasite.

Because of the

intimate intergrowth of the iron-nickel sulfides, it is difficult to
get an uncontaminated analysis of pyrite or marcasite.
e.

Siegenite

Siegenite ((NijCoJ-S^) is quantitatively the most

abundant cobalt-nickel sulfide in the Buick mine ores (Figure 11).

It

is a member of the thiospinel group, the chemistry and crystallography
of which will be discussed later.

Siegenite is observed to be the

most abundant in well defined zones within the ore bodies.

Most

commonly (60% of the occurrences) it is associated with chalcopyrite,

35

Figure 9. Botryoidal marcasite. The external botryoidal morphology is characteristic of the colloform texture.

Figure 10. Zoned crystalline pyrite (white) and bravoite
(yellow). 200X
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Figure 11.
(white).

Siegenite crystals (metallic) coating dolomite
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as either rims around the chalcopyrite grains or as replacements of
chalcopyrite (Figures 12 and 13).

It is only very rarely observed to

be paragenetically earlier than chalcopyrite.

The grain size of

siegenite varies depending primarily upon the extent to which it has
replaced chalcopyrite.

It can occur as rims a few micrometers thick

on chalcopyrite, or completely replace chalcopyrite forming grains
several hundred micrometers in diameter.
About 30% of all siegenite is associated with sphalerite.

The

siegenite forms linear replacements with chalcopyrite along sphalerite
crystal planes (Figure 14).

The degree of replacement of sphalerite

varies, from that of a few scattered grains to complex intergrowths of
sphalerite, chalcopyrite and siegenite.

The grain size also varies,

from diameters of a few micrometers to about 150 micrometers.

Excep

tionally, a few isolated occurrences of large siegenite grains
associated only with sphalerite and marcasite were noted.

These large

grains probably represent total replacement of pre-existing chalcopyrite
by siegenite.
The remaining 10% of all siegenite grains occur either with the
iron sulfides, as replacement remnants in galena or as disseminations
in gangue (Figures 15 and 16).

The association of siegenite with the

iron sulfides is remarkable for the large grain size of the siegenite,
often 300 micrometers or larger.

The occurrence of siegenite "sea

islands" in galena is a testimony to the resistance of siegenite to
replacement by later ore solutions.

Often these sea islands are the

only remaining unreplaced mineral grains in a polished section that
otherwise consisted entirely of galena.
No studies have been published on the compositional variation of
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Figure 12. Siegenite (white) coating colloform chalco
pyrite (yellow). 40X

Figure 13. Advanced replacement of chalcopyrite (yellow)
by siegenite (white). 160X

Figure 14. Siegenite (white) and chalcopyrite (yellow)
replacing sphalerite (green-gray) along crystal planes. 160X

Figure 15. Siegenite replacement remnants (creamy yellow)
in octahedral galena (white). 50X
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Figure 16. Disseminated siegenite (white) and pyrite
(yellow) in gangue. 50X
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nickel and cobalt or on the trace element content of siegenite in the
Viburnum Trend.

The writer has calculated an average for the nickel to

cobalt ratio of the Buick mine siegenite and a range of possible compo
sitions.

In order to determine the average nickel/cobalt ratio of

Buick siegenite, the writer chose ten ore samples which were determined
optically to have siegenite as the only nickel-cobalt mineral present.
These samples were then analyzed by x-ray fluorescence.

The average

nickel/cobalt ratio of the samples was 1.41:1, the range 1.21:1 to
1.66:1 (Table IV).

This compares with reported nickel/cobalt ratios

of 1.5:1 (Tarr, 1936), 1.4:1 (Genth, 1857) and 1.3:1 (Short and Shannon,
1930) calculated for siegenite from the Old Lead Belt-Fredericktown
area.

In addition, the writer has performed three microprobe analyses

of Buick siegenite (Table V).
1.3:1.

These gave an average Ni/Co ratio of

The microprobe analyses indicated the presence of about 1.2%

iron and trace amounts of copper.

As will be brought out in this

dissertation, the compositions of minerals that have been labeled
siegenite at other mines, show significant deviation from the above
ratio.
f.

Bravoite

Bravoite ((NijFe^) is the second

most abundant

nickel-cobalt sulfide, accounting for approximately 10-15% of all the
observed nickel-cobalt mineralization.

Unlike siegenite, bravoite does

not show an affinity for certain zones within the ore bodies.

Rather,

it seems to occur in sporadic pockets throughout the iron sulfide
mineralization and occasionally as inclusions in sphalerite.

These

pockets or areas of abundant bravoite are common in the west ore body
and increase in abundance to the south of the Buick mine shaft.
The color of bravoite was observed optically to vary greatly from
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TABLE IV

NICKEL-COBALT CONCENTRATIONS AND RATIOS
FOR TEN SAMPLES FROM THE BUICK MINE

Sample No.

%Ni

%Zo

Ni/Co
Ratio

4N

1.317

1.086

1.21

5N

0.314

0.259

1.21

8N

0.377

0.268

1.41

1IN

0.442

0.365

1.21

12N

0.584

0.398

1.47

14N

0.426

0.325

1.31

43N

0.654

0.395

1.66

20S

0.582

0.392

1.48

2 IS

1.390

0.890

1.56

29S

1.090

0.688

1.58
Average: 1.41
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TABLE V

MICROPROBE ANALYSES OF BUICK MINE SIEGENITE (WT.%)

%Ni

%Co

%Fe

%S

Total

Ni/Co
Ratio

31.64

25.29

1.24

43.45

101.62

1.3

30.78

26.01

0.84

42.49

101.37

1.2

34.90

24.75

1.65

39.33

100.63

1.4

Average:32.11

25.35

1.24

41.76

101.21

1.3

Electron microprobe data obtained using an ARL-SEMQ
microprobe operating at 15 kV accelerating voltage
and 0.15 microamps sample current at Virginia Poly
technic Institute and State University.
NiS and FeS standards were used.

Synthetic
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dark yellow to brown to purple.

Uytenbogaardt and Burke (1971) state

that the color variation is the result of changes in composition with
the yellow varieties being nickel-rich, the brown varieties iron-rich,
and the purple varieties cobalt-rich.

Much of the bravoite occurs in

zones within small (<50 micrometers) disseminated grains of pyrite
(Figure 10).

Characteristically, the centers of these grains are

brownish bravoite with pyrite surrounding the bravoite.

Occasionally,

two or three later generations of brown or yellow-brown bravoite will
be present, alternating with pyrite.

Bravoite can also be seen to cap

marcasite grains (Figure 17) or occur as colloform bands alternating
with bands of pyrite or marcasite (Figure 18).
bravoite is extremely fine grained.

In all instances, the

One interesting occurrence of

bravoite has been noted at the south end of the Buick mine.

Here, the

bravoite is associated with pyrite and vaesite in zoned, euhedral
grains (Figure 19).

The individual grains average 100 micrometers in

diameter, and the bravoite itself forms cores and zones that can exceed
40 micrometers in diameter.

Vaesite is always present as rims on the

pyrite-bravoite grains.
"Unzoned" bravoite is quite rare and has been noted to be associ
ated with only one late generation of sphalerite (Figure 20).

It is

characterized by its purplish color and rather uniform grain size (50
micrometers).

It appears to the writer that this generation of bravoite

is contemporaneous with the co-existing sphalerite.
is supported by the purple color.

This interpretation

It has been shown that pure sphaler

ites are enriched in cobalt and hence a co-existing bravoite would be
expected to be a cobalt-rich or purplish variety.
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Figure 17. Bravoite (dark yellow) coating crystalline
marcasite (yellow). 160X

Figure 18. Colloform bravoite band (center of photograph,
brown-yellow), crystalline marcasite (white) and colloform
pyrite (lower left corner, yellow). 50X
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Figure 19. Zoned pyrite (yellow), bravoite (brown-gray)
and vaesite (light gray). 500X

Figure 20. "Unzoned" bravoite crystals (brown-gray) in
sphalerite (dark gray); coated by galena (white). 160X
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g.

Minor cobalt-nickel sulfides

fides are very rare.

The remaining nickel-cobalt sul

Of these, vaesite (Ni^) is the most important.

Vaesite is a member of the iron disulfide series, as is bravoite, and
for this reason it is closely associated with both pyrite and bravoite.
However, unlike bravoite it shows no range of colors, always appearing
as a slightly lighter gray than sphalerite.

Vaesite grains are usually

quite small, on the average of less than 25 micrometers, and often not
much larger than a few micrometers in diameter.

The most common occur

rence of vaesite is in the zoned grains with pyrite and bravoite
previously discussed (See Figure 19).
outer rim of the grains.

Vaesite is restricted to the

Vaesite also replaces chalcopyrite (Figure 21)

and forms coatings or zones in siegenite crystals (Figure 22).

In the

latter instance, the coatings are only a few micrometers wide and
appear to have been deposited during a hiatus in siegenite crystal
growth.

Such vaesite zones appear to represent a time in the deposi-

tional sequence when the ore fluids underwent a short-lived change in
their character.

Another interesting occurrence of vaesite is as well

formed cubic crystals which coat polydymite

(Figures 23 and 24).

This

occurrence will be discussed in more detail later, however the vaesite
is thought to have formed from nickel released during alteration of
millerite to polydymite.
Three vaesite grains from the Buick mine were analyzed by microprobe.
Table VI shows the results of these analyses, in addition to others by
Craig and Carpenter (1977) and Dunn (1978) from the Fletcher and
Sweetwater mines.

When compared with the few existing analyses of

vaesite from other districts (Figure 25), it can be seen that southeast
Missouri vaesites are remarkably pure, having far less cobalt and iron

48

Figure 21. Vaesite (light gray) coating and replacing
chalcopyrite (yellow). The chalcopyrite coats earlier sphal
erite (green-gray). 160X

CP

Figure 22. Sketch of a photomicrograph of vaesite zones
in siegenite. 700X
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Figure 23. Cubic crystals of vaesite (metallic, small)
coating polydymite (black). 5X

Figure 24. Photomicrograph of vaesite (light gray) coating
an intergrowth of polydymite (white) and millerite (yellow).
120X
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TABLE VI

MICROPROBE ANALYSES OF VAESITE
FROM THE BUICK, FLETCHER AND SWEETWATER MINES (WT.%)

Ni

Co

Fe

45.39

0.01

1.49

44.92

0.05

46.79

S

Total

Mine

trace

51.72

98.61

Buick

1.73

trace

52.81

99.51

Bui ck

0.06

0.66

trace

52.32

99.83

Bui ck

42.3

trace

0.8

4.1

50.6

97.7

Fletcher*

44.2

trace

0.8

2.7

50.3

98.0

Fletcher*

45.4

trace

1.0

2.9

51.9

101.2

Fletcher*

44.7

trace

0.0

6.1

49.8

100.5

Fletcher*

45.7

0.5

0.6

4.3

50.5

101.6

Fletcher*

44.2

trace

1.7

3.8

50.8

100.5

Fletcher*

42.8

trace

1.9

N/A

53.55

100.7

Sweetwater^

Cu

*From Craig and Carpenter (1977)
^From Dunn (1978)
All other analyses by ARL-SEMQ microprobe operating at 15 kV
accelerating voltage and 0.15 microamps sample current.
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FeS 2 (p yrite )

•
x

F e -N i-C o disulfides from
Fletcher and S w eetw ater

□

Buick

Mine

other districts
M ines v a e s ite

v a e s ite

Figure 25. A comparison of the compositions of vaesite from the
Southeast Missouri District to the compositions of Fe-Ni-Co disul
fides from other districts (after Vaughn and Craig, 1978).
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than those from other areas.
Millerite and polydymite have been found in one locality of the
Buick mine.

Optically, the polydymite (Ni^S^) is creamy tan in color,

darker than siegenite, and possesses abundant shrinkage cracks (Figure
26).

It is also characterized by a spongy appearance and poor polishing

properties.

Studies of these crystals by Hagni (personal communication,

1978) revealed the presence of a second bright yellow, anisotropic phase
in a small number of the crystals.

This mineral was tentatively identi

fied as millerite on the basis of qualitative scanning electron
microscope analysis and optical properties.

Subsequent microprobe

analyses by the writer (Table VII) confirmed that the mineral was mil
lerite.

Confirmation of the presence of millerite also helped to explain

the existence of acicular, needle-like crystals of polydymite.

Since

polydymite is isometric and normally possesses an octahedral morphology,
the needle-like crystals are pseudomorphs of the original millerite.
The paragenesis of the millerite-polydymite crystals is quite
interesting and will be dealt with in more detail in a later section.
However, it is evident from the above discussion that polydymite is
paragenetically later than millerite and the vaesite which forms coat
ings on these crystals is clearly later than both the millerite and
polydymite.
The size of the needle-shaped crystals varies, with some only a few
millimeters long, while others exceed 10 centimeters in length.
widths of the crystals averages 0.5 millimeters.

The

The crystals can often

be observed to grow in clusters outward from a common base (Figure 27).
Buick mine polydymite provided by Dr..Richard D. Hagni has a dis
tinct dark violet tint under reflected light, in contrast to the typical
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Figure 26. Shrinkage cracks in polydymite (light gray).
Note the absence of shrinkage cracks in millerite (yellow).
100X
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TABLE VII

MICROPROBE ANALYSES OF BUICK MINE MILLERITE
(vrr.%)

Ni

Co

Fe

S

Total

55.92

4.50

2.86

33.83

97.11

62.00

1.20

0.65

35.75

99.60

62.39

0.93

0.87

35.95

100.14

62.20

1.09

0.52

36.88

100.69

61.72

0.88

1.00

36.17

99.77

61.13

0.78

0.84

37.68

100.43

61.77

1.15

0.60

37.03

100.55

62.46

1.71

0.72

38.02

102.91

62.63

1.79

0.71

36.08

101.21

Average: 61.36

1.57

0.97

36.38

100.27

All analyses by ARL-SEQM microprobe operating
at 15 kV accelerating voltage and 0.15 microamps sample current.
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Figure 27. Cluster of millerite-polydymite-vaesite crys
tals growing from a common base. 5X
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creamy-tan tint characteristic of the polydymite in the writer's collec
tion.

This led Hagni to speculate that the mineral might be violarite

(personal communication, 1978).

The present writer has obtained micro

probe analyses (Table VIII) which show that the two different colors of
polydymite have no significant difference in chemical composition, and
both plot in the polydymite portion of the polydymite-violarite ternary
diagram (Figure 28).

The writer believes that the differences in tint

may result from different crystallographic orientations of the co
existing millerite, causing the polydymite to appear to have a violet
tint in some polished sections.

The microprobe analyses also show that

Buick polydymite is very similar to that analyzed by Dunn (1978) from
the Sweetwater mine.
The writer has identified gersdorffite (NiAsS) in several polished
sections prepared from the west ore body of the Buick mine.

In polished

section, it is stark white in color and contrasts sharply with the co
existing chalcopyrite, pyrite and siegenite (Figure 29).

Since this is

the first reported occurrence of gersdorffite at the Buick mine, micro
probe analyses were performed to verify the optical observations
(Table IX).
Gersdorffite occurs with chalcopyrite, siegenite, pyrite and
sphalerite.

It has a remarkably uniform grain size, approximately 50

micrometers, and euhedral crystal outlines which are usually lacking in
any embayments or corrosion.

Also, Buick gersdorffite lacks the propen

sity to tarnish, a characteristic which Ramdohr (1969) indicates is
diagnostic of gersdorffite.
Two other arsenic-bearing minerals have also been identified from
the Buick mine.

These are enargite (Cu3AsS4) and tennantite (Cu3AsS3 25)
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TABLE VIII

MICROPROBE ANALYSES OF VIOLET AND CREAMY-TAN
POLYDYMITE (WT.%)

Ni

Fe

Co

S

Total

Color

54.29

0.88

1.82

43.01

100.00

Violet

53.66

0.77

2.22

41.73

98.38

Violet

54.99

0.71

2.12

40.58

98.40

Violet

55.01

0.99

2.19

39.32

97.51

Violet

Average: 54.49

0.84

2.09

41.16

98.57

52.79

3.41

1.46

42.26

99.92

Creamy-Tan

51.82

3.24

1.55

42.18

98.79

Creamy-Tan

51.85

3.34

1.12

41.42

97.73

Creamy-Tan

55.48

0.77

1.34

41.73

97.64

Creamy-Tan

54.13

1.31

1.77

41.69

98.90

Creamy-Tan

53.37

2.63

1.07

41.96

99.03

Creamy-Tan

Average: 53.24

2.45

1.39

41.87

98.67

All analyses by ARL-SEQM microprobe operating at 15 kV
accelerating voltage and 0.15 microamps sample current.
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■

Purple

polydymite

▲

Brown

polydym ite

Figure 28. Ternary plot of the compositions of the Buick mine poly
dymites and polydymites from other districts.
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Figure 29. Gersdorffite (tan-white) with chalcopyrite
(yellow) and sphalerite (brown-gray). 40X
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TABLE IX

MICROPROBE ANALYSES OF GERSDORFFITE FROM
THE BUICK MINE (WT.%)

As

Ni

Co

Fe

S

Total

42.1

36.3

1.9

1.0

18.7

100.0

40.5

37.4

1.2

0.9

21.2

101.2

43.0

35.9

1.7

1.6

17.8

100.0

Average: 41.9

36.5

1.6

1.7

19.2

100.4

All analyses by ARL-SEMQ microprobe operating at
15 kV accelerating voltage and 0.15 microamps
sample current.
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(Figure 30).
mine.

Neither mineral had been previously recognized at the

Both minerals are restricted to chalcopyrite grains which occur

as inclusions in octahedral galena.

They were observed infrequently

throughout the entire length of the west ore body.

Optically, the

enargite is pinkish brown, strongly anisotropic and commonly twinned.
Uytenbogaardt and Burke (1971) feel that these characteristics are
indicative of a variety of enargite called luzonite.

Because of the

small grain size of the samples (<50micrometers), x-ray confirmation
was not attempted.
electron microscope.
figure 31.

However, the grains were studied with a scanning
The spectrum, typical of enargite, is shown in

The estimates of composition (Figure 31) are based on the

use of standard minerals of known composition.

Since these standards

were only accurate for the transition metals and sulfur, arsenic was
calculated by subtraction.
The identification of tennantite is tentative.

The mineral is

isotropic, gray with a bluish green tint, and in all of the grains
observed, partly replaced by enargite.

Unfortunately, more definite

identification of the mineral using quantitative techniques was incon
clusive.

Grain size was too small (<5 micrometers) to allow indentation

hardness tests, and reflectivity measurements were inconclusive.
Analysis by SEM also failed to provide a conclusive identification of
the mineral.

The pattern obtained was very similar to that for enargite

with just slightly less sulfur.

The writer believes the small grain

size has allowed some anomalous scatter from the surrounding enargite
to be incorporated into the spectrum.

Nonetheless, the mineral is

tentatively identified as tennantite based upon optical data and min
eral association.
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Figure 30. Enargite (brown) and tennantite (blue-gray)
replacing chalcopyrite (yellow). Siegenite (white) and
galena (gray) subsequently replace the enargite-tennantitechalcopyrite assemblage. 500X

Amplitude
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Figure 31. Scanning electron microscope non-disper
sive analysis spectrum for enargite.
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3.

Paragenesis

a.

Disseminated ores

sequence for the Buick mine ores.
polished sections.

Figure 32 presents a detailed paragenetic
It is based on studies of 250

The general format of this diagram follows that of

Hagni and Trancynger (1977) for the Magmont mine.

Disseminated miner

alization is considered by Hagni and Trancynger (1977) to be the
earliest deposited.

Pyrite, and to a lesser extent bravoite, were the

first sulfides to form.

Individual sulfide grains are usually 20 to

50 micrometers in diameter.

Some pyrite grains (about 25%) contain

bravoite cores and zones (Figure 10).

These grains appear to be

associated with areas having abundant coarse grained marcasite
is paragenetically later.

which

In these areas, 75% of the disseminated

pyrite grains enclosed by marcasite contain bravoite cores.

In other

areas throughout the mine the disseminated pyrite grains contain far
fewer bravoite zones.

Another interesting occurrence of disseminated

pyrite-bravoite-vaesite has been mentioned previously (Figure 17).
It is the writer's interpretation that this occurrence, although
disseminated, belongs to a later generation of pyrite-bravoitevaesite and therefore will be discussed later in the paragenetic
sequence.
The origin of disseminated bravoite and its role in the genesis of
the cobalt-nickel mineralization in the later massive ore is a question
of some concern to this dissertation.

Some workers, e.g. Snyder (1967),

have considered the early disseminated iron sulfide mineralization to
be syngenetic.

Although not mentioning bravoite specifically, presum

ably it may also be included with this early syngenetic iron sulfide
mineralization.

Ten polished sections prepared by the writer from
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drill core taken at some distance from the ore zones show that bravoite
while present, is much less abundant than in the Buick mine ore bodies.
Erickson, et al. (1979) have detected a cobalt-nickel trace element
halo around the ore deposits and feel that at least a portion of these
metals were introduced (i.e., epigenetic).

This interpretation is sup

ported by the close association of bravoite with distinctly epigenetic
marcasite.
Marcasite is the third disseminated mineral to be deposited.
is rare, and generally occurs as rims on pyrite grains.

It

Individual

disseminated grains of marcasite free from intergrowths with other
sulfides were not observed by this writer.
Chalcopyrite was the first disseminated sulfide of economic impor
tance to be deposited.

It occurs as anhedral to subhedral grains

rarely greater than 100 micrometers in diameter.

Occasionally, well

developed crystal faces can be seen, but most grains are anhedral with
highly irregular or embayed outlines.

Chalcopyrite is observed to

replace disseminated pyrite and marcasite.
Hagni and Trancynger (1977) report that disseminated siegenite was
deposited after disseminated chalcopyrite in Magmont mine ores.

Con

sidering the similarity of Buick ores and the geographic proximity of
the two mines, disseminated siegenite would be expected at the Buick
mine.

However, since no disseminated siegenite was observed in polished

sections prepared for this study, it has not been included in the
disseminated stage of the paragenetic sequence for the Buick mine.
Sphalerite is quantitatively the most important and abundant
disseminated ore sulfide.

It occurs as euhedral to subhedral crystals

averaging about 200 micrometers in diameter.

The rotund shape so often
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described for crystalline sphalerite is quite common.

Inclusions of

earlier chalcopyrite and pyrite are present in the disseminated
sphalerite.
b.

Massive ores

the Buick mine ores.

The massive ores constitute the major portion of

Marcasite, pyrite and most chalcopyrite is collo

form, but much of the sphalerite, galena and siegenite is crystalline.
Chalcopyrite is the first of the massive ore sulfides to be
deposited.

It occurs as botryoidal aggregates displaying internal

colloform banding.

Colloform balls vary from <100 micrometers to

several millimeters in diameter.

The individual colloform balls have

often grown.together, giving the appearance of a grapestone type tex
ture.

The most massive aggregates of chalcopyrite seem to occur in

association with thin shaley bands in the Bonneterre.

One interesting

chalcopyrite texture is the dendritic intergrowth with siegenite
(Figure 33).

Siegenite replaces and coats the earlier chalcopyrite

and in turn is partially coated by paragenetically later quartz.

This

particular texture appears to be restricted to a high grade zone near
the north end of the mine.
Two generations of chalcopyrite were noted and a third may be
present.

The first generation occurs as the botryoidal-colloform

masses previously discussed.

Locally, thin bands of sphalerite are seen

which separate this generation from a later colloform chalcopyrite gen
eration (See Hagni and Trancynger, 1977, Figure 12, p. 456).

This later

generation may or may not be contemporaneous with a crystalline chalco
pyrite generation which is seen to replace sphalerite along crystal
planes (Figure 14).

Since the two occurrences were not observed

together in polished section, they have been combined.
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Figure 33. Dendritic intergrowth of siegenite (white) and
chalcopyrite (yellow). 50X
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Siegenite is the most important of the cobalt-nickel sulfides at
the Buick mine.

The bulk of the siegenite has been deposited with the

massive ores, and the majority of that following the first generation
of chalcopyrite.
The first of the two periods of siegenite deposition in the massive
ores is manifested as coatings and replacements of chalcopyrite.

Coat

ings generally start as thin bands, often completely encircling
chalcopyrite grains (Figure 12).

These coatings display conformable

bases with the earlier chalcopyrite, but their upper surfaces often
show pronounced octahedral crystal faces.
and coats this generation of siegenite.

Sphalerite commonly replaces
The siegenite bands coating

chalcopyrite range in thickness from 1 to 2 micrometers to more than
200 micrometers.

Although coating and subsequent replacement of chal

copyrite is the most common texture, rare instances have been observed
where chalcopyrite has been veined by siegenite (Figure 34).

One

interesting but rare occurrence of colloform siegenite will be discussed
later.
A second generation of siegenite is clearly later than sphalerite,
replacing the sphalerite along crystal planes (Figure 14).

However,

unlike the earlier generation of siegenite, this generation is not in
ubiquitous association with chalcopyrite.
siegenite alone replaces sphalerite.

Instances are common where

One explanation for the lack of

chalcopyrite may be that siegenite has completely replaced it.

Alter

natively, some areas in the mine may have never experienced the
deposition of this generation of chalcopyrite, sphalerite and siegenite
being the only minerals deposited.
Late in the depositional period of the first generation of siegenite
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Figure 34.
40 X

Siegenite (white) veining chalcopyrite (yellow).
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several interesting features have been noted.

Under high magnification

a small number of polished sections revealed the presence of a very tiny
band of vaesite coating siegenite with subsequent deposition of later
siegenite (Figure 22).

Another unusual feature is that of a single

grain of zoned siegenite (?) (Figure 35).

The zoning, consisting of

alternating light and dark bands was visible only after a superior
polish was attained.

Single large grains of zoned bravoite and unzoned

vaesite were enclosed by this siegenite (Figure 36),
Following siegenite, the next mineral of significance to be depos
ited was sphalerite.

Two generations of sphalerite have been identified

in the massive ores.

Much of the first generation is colloform in

texture, however the second generation usually consists of well formed
subhedral to euhedral crystals.
In contrast to the Magmont mine where the major portion of the
sphalerite was deposited as disseminated crystals (Hagni and Trancynger,
1977), the overwhelming bulk of the sphalerite deposition at the Buick
mine is post-first-generation-colloform chalcopyrite.

The first

generation of massive sphalerite is less abundant, but quite signifi
cant.

Together, the two generations of massive ore sphalerite account

for approximately 70% of all the sphalerite deposited.

The remaining

30% is nearly evenly divided between early disseminated mineralization
and late crystalline vug-filling mineralization,
Pyrite and marcasite were deposited repeatedly throughout the later
stages of massive mineralization.
is in the form of colloform masses.

Much of the marcasite, in particular,
However, in contrast to Hagni and

Trancynger (1977), crystalline pyrite and marcasite are also noted to
be quite common.

In those sections in which pyrite and marcasite are
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Figure 35.

Zoned siegenite (?) (creamy yellow).

500X

Figure 36. Zoned bravoite (brown and brown-yellow) and
vaesite (liaht gray) enclosed by siegenite (creamy yellow).
500 X
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found together, the former is usually the first to be deposited, but as
many as seven alternating bands of pyrite and marcasite were observed
in some specimens.

In all cases, the pyrite and marcasite are later

than both generations of massive ore chalcopyrite and sphalerite.
At this point, it is best to consider the minor cobalt-nickel sul
fides present in the massive ore.
previously been described.

One generation of vaesite has

In addition to this generation, a second

has been observed to coat sphalerite which is paragenetically later
than the first generation of vaesite (Figure 37).

This second genera

tion of vaesite (?) is also observed to occur in rather large (>100
micrometers) zoned crystals with pyrite and bravoite (Figure 19).
Vaesite forms the outer zone of these crystals.
In addition to the generation of bravoite noted above, other later
generations of colloform bravoite are deposited repetitively throughout
the massive stage of pyrite-marcasite depositional sequence (Figure 18).
A minimum of three additional generations have been observed, but the
writer believes that there may be several others.

Bravoite coatings on

marcasite crystals (Figure 17) are particularly difficult to place
paragenetically.

They may be contemporaneous with the colloform bravo

ite but it is impossible to establish

this with certainty.

One unusual association is that of bravoite coating marcasite that
has included earlier disseminated pyrite-bravoite grains (Figure 38).
The coatings on marcasite are noted to be more abundant when earlier
disseminated bravoite has been included, indicating the possibility
that some of the pre-existing disseminated bravoite has been replaced
by marcasite only to be reprecipitated at crystal boundries.
Gersdorffite was observed in three polished sections from the west
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Figure 38. Bravoite coatings (light brown) on marcasite
(white) that has included earlier disseminated pyritebravoite mineralization (light brown). 160X
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ore body at the north end of the mine.
metacrysts in chalcopyrite (Figure 29).

It veins and forms euhedral
Under high power magnification,

small sea island remnants of chalcopyrite can be detected in gersdorffite.

Since gersdorffite is an arsenic-bearing sulfide, its paragenetic

position with respect to enargite and tennantite is important.
Enargite was observed in twenty-two polished sections, while
tennantite was observed in four polished sections.

In all instances,

both minerals are associated with chalcopyrite sea islands in octahe
dral galena (Figure 30).
to the west ore body.

Also, these minerals appear to be restricted

Although chalcopyrite inclusions are common in

the east ore body galena, none was ever found to contain enargite or
tennantite.
Paragenetically, the enargite includes and replaces the earlier
tennantite and chalcopyrite.
chalcopyrite.
sphalerite.

Sphalerite replaces both enargite and

Thus, the enargite is post-chalcopyrite, but pre
Its relationship with siegenite is difficult to establish.

In most cases, it appears to be pre-siegenite, but in a few instances,
it seems to have been deposited almost contemporaneously with the
siegenite.

Comparison of the paragenetic positions of gersdorffite

and tennantite-enargite indicates that each was deposited later than
the second generation of massive ore chalcopyrite, but prior to the
second generation of siegenite.

Thus, it appears that all of the

observed arsenic-bearing minerals at the Buick mine were deposited
during a single period of the mineralizing sequence.
Arsenopyrite has been tentatively identified from the Buick mine
(Rogers and Davis, 1977), however none was observed in any of the 250
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polished sections prepared for this study.

As a result, its paragenetic

position with respect to the other arsenic-bearing minerals is unknown.
Galena is the most important and abundant sulfide in the massive
ores.

Most of the galena is clearly later than all other sulfides,

however the writer noted the presence of at least two minor generations
of galena which are not.

One of these generations occurs with sphaler

ite (Figure 39) and appears to have been deposited contemporaneously
with it.

This rare occurrence of stalactitic or colloform galena seems

to be restricted to an area at the north end of the Buick mine.
second occurrence is noted to be distinctly pre-iron sulfide.

The
This

may be a part of a continuous period of galena deposition throughout the
period of iron sulfide deposition, but since this can not be shown con
clusively, it has been shown as a separate single period.
The final period of galena deposition in the massive ores follows
all other sulfides.

This period of mineralization is responsible for

the bulk of the Buick mine galena.

It is distinctly octahedral in

habit.
c.

Vug-filling ores

interest to this dissertation.

Vug-filling mineralization is of particular
It is the simplest to interpret, since

many paragenetic relationships are visible in hand specimen, and at the
Buick mine in particular, vug-filling mineralization is quantitatively
a very important part of the total mineralization.
Galena is the first of the vug-filling ores to be deposited.

It

occurs as octahedrons ranging from a few millimeters to a few centimeters
in size.
solutions.

The octahedral galena commonly has been leached by later
This leaching varies from the dulling of crystal faces, to

severe corrosion and even rarely, to a complete dissolution of the
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Figure 39. Stalactitic or colloform galena (white) coated
by sphalerite (gray). 60X
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galena leaving only octahedral casts.
A very thin film of colloform to crystalline chalcopyrite has been
deposited on some of the octahedral galena.
than 50 micrometers thick.
a crystalline top.

This film is rarely more

It is characterized by a colloform base and

Siegenite occurs with the chalcopyrite.

Although

siegenite may be paragenetically later than the chalcopyrite, the small
number of grains observed made it impossible to establish unequivocally.
Thus, the two minerals are shown as paragenetically contemporaneous.
Much of the chalcopyrite was noted to be corroded suggesting the possi
bility of leaching.
Pyrite and marcasite coat octahedral galena and replace chalcopy
rite.

The marcasite is commonly of the cockscomb variety.

In polished

section, it is seen to be replaced by pyrite and vice versa.

Since the

minerals occur in contradictory paragenetic positions, it is difficult
to determine which came first, but in most cases, it is believed that
the pyrite preceeded the marcasite.
Sphalerite was deposited as well formed euhedral crystals on octa
hedral galena and marcasite (Figure 40).
10 millimeters in diameter.

The crystals are usually 5 to

Observation with a binocular microscope

reveals that the crystals are strongly zoned, with yellow cores and
dark red flanks.

A few of the sphalerite crystals have a cloudy dull

appearance, which may be indicative of corrosion and leaching.

This

dull appearance could however be related to some mechanism of crystal
growth rather than corrosion.
Polydymite, millerite and vaesite occur in the west ore body as
an intergrowth of these nickel sulfides.
mineral to be deposited

Millerite was the first

because it forms the cores of the
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Figure 40. Sphalerite crystals (black) deposited on marca
site (brassy yellow) and octahedral galena (gray).
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millerite-polydymite-vaesite crystals (Figure 26).

The overall morphol

ogy of the crystals also pseudomorphs the original acicular form of
millerite crystals.

Subsequent alteration or replacement of millerite

to polydymite has varied from partial to complete.
A microprobe traverse of a millerite-polydymite crystal was per
formed to establish if the polydymite formed as an alteration of
millerite or if it replaced the millerite.

To clarify terminology,

alteration is considered to be a change in the original chemical
composition of a pre-existing mineral by physical or chemical means,
while replacement is thought of as a process whereby a new mineral of
differing chemical composition is deposited in the body of a pre-exist
ing mineral.
The traverse for nickel (Figure 41) was inconclusive.

There is a

slight trend for nickel to increase from point one to point thirty in
both polydymite and millerite.

The resultant asymmetry of the nickel

distribution in the crystal is difficult to explain.
Figure 42 summarizes the trends for both cobalt and iron in mil
lerite and polydymite.

Since neither element is a major constituent

of polydymite or millerite, and both can substitute for nickel in
limited amounts, the overall results of traverses for these two elements
should be more reflective of the mineralogic relationships between the
millerite and polydymite.

It can be noted from figure 42 that when the

iron concentration is high in millerite, it is also high in polydymite,
and when the iron concentration is low in millerite, it is low in poly
dymite.

The same trends hold true for cobalt.

This points strongly

to a formation of polydymite by alteration of pre-existing millerite.
If replacement of millerite had occurred, rather than an alteration,
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Figure 41. Microprobe traverse of a millerite-polydymite crystal showing the
variations in the nickel concentration.

Concentration

(wt.%)
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Figure 42. Microprobe traverse of a millerite-polydymite crystal showing the variations in the
cobalt and iron concentrations.
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the original trends for cobalt and iron would probably not have been
preserved, as the elements would have been remobilized during the
replacement.
It is especially noteworthy that Buick polydymite possesses
characteristics often ascribed to supergene polydymite or violarite
((Ni,Fe)3S4 ).

Bird (1969), Misra and Fleet (1974), Karup-Moller (1968),

Hudson and Groves (1974), Nickel, Ross and Thornber (1974) and Thornber
(1975) have discussed supergene polydymite or violarite and generally
agree that certain characteristics can serve to distinguish supergene
from hypogene polydymite.

Most diagnostic of supergene origin are

shrinkage cracks resulting from a reduction in volume during alteration.
Figure 26 shows that shrinkage cracks are abundant in samples of Buick
polydymite.

A second feature of less importance is a so-called spongy

appearance.

This feature is somewhat subjective.

Although the writer

did not note a particularly spongy appearance for Buick polydymite,
supergene violarite from Canada (Figure 43) does have a texture simi
lar to that of Buick polydymite.

The spongy appearance sometimes

described in the literature may be due to a poor polish.
Keele and Nickel (1974) have studied the alteration of millerite
to violarite in the Kambalda, Australia, ores.
is a two step process.

They conclude that it

The following equations from Keele and Nickel

(p. 1113) summarize the process.

The equations are based on microprobe

analyses.
Nl5.4Fe3.6S8
Pentlandite

+

2.6Fe

+

(1 )

5.2e-

Violarite-pn

™
ok,.. . o
+2
20.8NiS + 2.6Fe
Millerite

+2

+
Violarite-ml

6.8Ni+2

+

8.4e- (2)
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Figure 43. Supergene violarite (light gray) replacing
pentlandite (yellow) (from Canada).
160X
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Iron liberated during violaritization of pentlandite combines with
millerite to cause the violaritization of millerite.
Alteration of millerite at the Buick mine was essentially a one
step process with no iron addition involved.

Microprobe analyses give

the following equation:
4Ni0.93Fe.015Co.020S ““
Millerite

Ni2.78Fe.060Co.080S4
Polydymite-ml

+

°*94Ni

+

l-88e“(3)

Thus, unlike the Kambalda ores where nickel was lost and iron gained,
the Buick mine millerite alteration involved only a loss of nickel.
This also explains why iron-poor polydymite was formed rather than
violarite.
Keele and Nickel conclude that the nickel liberated in equation (2)
is difficult to account for, but may provide the source of nickel for
late-stage bravoite that occurs as coatings on violarite.

The nickel

released during alteration of Buick millerite is more readily accounted
for.

A coating of small, cubic vaesite crystals occurs on all millerite

which has altered to polydymite (Figure 24).
can be derived from equation (3).

The nickel in this vaesite

A microprobe equation can be written

which demonstrates the mechanism:
0.94Ni+2

+ 2S~------ Nio 95S2 + ° - 12e~

(4)

Vaesite
The minor (.01 mole%) discrepancy between the nickel available in the
reactants and total nickel in the products (vaesite) is well within
experimental and statistical error for the microprobe analyses.
Based on microprobe analyses, microscopic observation and a lit
erature review, the writer believes that the formation of polydymite
has been conclusively shown to be the result of supergene alteration.
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This is particularly important with respect to its paragenetic position,
as will be discussed later.

Although the polydymite is of distinctly

supergene origin, the origin of the paragenetically earlier millerite
remains an unresolved matter.
Following deposition of the millerite-polydymite-vaesite assemblage,
siegenite and chalcopyrite were the next vug-filling minerals to be
deposited.

Both replace the previously deposited sulfides and locally

encrust and vein vaesite.

Siegenite and chalcopyrite appear to have

been deposited contemporaneously.

Subsequent to the deposition of

chalcopyrite and siegenite, a major period of cubic galena formation
began.

Only a single period of cubic galena deposition is thought to

have occurred at the Buick mine.

Very minor periods of vug-filling

pyrite, marcasite and chalcopyrite followed the deposition of cubic
galena.

None are quantitatively important to the paragenetic sequence.

It has been established that several periods of octahedral galena
deposition preceeded the single period of cubic galena.

It is also

important to consider the relationship of the millerite-polydymitevaesite assemblages to the major periods of octahedral and cubic galena
vug-filling mineralization.

Figure 44 shows millerite-polydymite

crystals growing on octahedral galena.
galena.

They are clearly post-octahedral

In the mine, vugs were observed in which millerite-polydymite

crystals grew not only on octahedral galena, but on the paragenetically
later chalcopyrite and sphalerite.
Figure 45 is a binocular photomicrograph of millerite-polydymite
crystals which are partially enclosed by cubic galena.

Notice that one

crystal face of the galena cube has abutted a millerite-polydymite
crystal.

In figure 46, a cross section of a cube, sea islands of
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Figure 45. Millerite-polydymite crystals (center of photo
graph) partially enclosed by cubic galena.
Note that one
face of the galena cube has abutted a millerite-polydymite
crystal. 5X

Figure 46.
Cubic galena (metallic, black) replacing
millerite-polydymite (brass yellow).
3X
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millerite-polydymite occur in the galena and the base of the original
millerite-polydymite crystal cluster has been partially replaced by the
galena.

Figure 47 is a photomicrograph of the same polished section.

The sea islands of millerite-polydymite establish that these minerals
are pre-cubic galena.
Thus, it can be concluded that the millerite-polydymite crystals
are post-octahedral galena and pre-cubic galena.

Further, based on mine

observations, it can be established that the millerite-polydymite is
also post-first-generation vug-filling chalcopyrite and sphalerite.
Two other relationships are important to the paragenetic sequence
at the Buick mine:

dissolution and silicification.

Dissolution patterns

show distinct differences in mines at the north end of the trend when
compared to those at the south end (Grundmann, 1977; Rogers and Davis,
1977; and Clendenin, 1977).

Studies undertaken at the Buick mine for

this dissertation have found that dissolution occurred subsequent to
deposition of octahedral galena and continued only into the early por
tion of the cubic galena depositional period.

Nearly all octahedral

galena displays some effects of leaching, from merely dulled crystal
faces to complete dissolution.

In addition some evidence has been found

for the partial leaching of paragenetically later chalcopyrite and sphal
erite.

However, unlike the Sweetwater and Fletcher mines (Clendenin,

1977, and Paarlberg, 1977) dissolution of cubic galena is not common
at the Buick mine.

In general, most cubic galena possesses shiny faces

indicative of the absence of solution activity.
Silicification occurred late in the paragenetic sequence and is
restricted to the vug-filling ores.

For the most part, the silicifica-

tion occurred subsequent to dissolution.

This is evidenced by the fact

n
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Figure 47. Photomicrograph of the polished section in
figure 46 showing galena (white) replacing milleritepolydymite (light gray). Note sea islands of milleritepolydymite in galena. 25X
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that leach cavities in octahedral galena are often filled with quartz.
Secondly, quartz is found to coat nearly all vug-filling mineralization.
Only cubic galena is relatively free of quartz overgrowths and even
occasional

overgrowths on cubic galena were noted.

The most important events in the vug-filling sequence of minerali
zation can be summarized as follows:
1)

Deposition of octahedral galena

2)

Dissolution of octahedral galena

3)

Silicification

4)

Deposition of cubic galena

The millerite-polydymite-vaesite assemblages were found to be postoctahedral galena and pre-cubic galena.

Quartz grains coat some needles

hence the assemblages probably were formed just prior to or coincident
with silicification.

Thus, as leaching of galena, chalcopyrite and

sphalerite was occurring, nickel was also being leached from millerite,
and polydymite was forming by supergene alteration.

The significance

of these events will be considered in the final chapter.
B.

SWEETWATER (MILLIKEN) MINE
1.

General Geology

mine during two mine trips.

Samples were collected from the Sweetwater

No attempt was made to collect representa

tive samples for a detailed study, rather sampling was limited to
certain unusual occurrences of cobalt and nickel restricted to mines at
the south end of the Viburnum Trend.

Partial paragenetic diagrams have

been prepared for the areas studied, but these are not comprehensive.
The geology of the Sweetwater mine, recently renamed the Millikan
mine, has been discussed in detail by Mouat and Clendenin (1975 and
1977).

Only a few significant differences between the Sweetwater and
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Buick mines are discussed herein.
Mineralization at the Sweetwater mine occurs throughout the Bonneterre Formation, whereas at the Buick mine, it is restricted to the
upper 100 feet (80 meters).

Further, bedded replacement ores assume a

greater significance at the Sweetwater mine.
Clendenin (1977) recognizes a minimum of three periods of octahe
dral galena and two of cubic galena with extensive solution of both
species.

Detailed studies of Buick mine paragenesis have shown several

periods of early octahedral galena followed by only a single period of
cubic galena, with leaching for the most part confined to the octahedral
galena.
Also, unusual pods of copper mineralization occur at the Sweetwater
mine which are not present at the Buick mine.

These pods are thought

by Clendenin (1977) to represent some of the earliest mineralization at
the mine.

Samples from these pods were of particular interest due to

the presence of two cobalt-nickel minerals and several unusual mineral
assemblages.
2.

Mineralogy and Partial Paragenesis

The bornite pods were

studied by Woolverton (1975), but he did not consider the nickel-cobalt
sulfides present in the pods.

Twenty-five polished sections were pre

pared from samples obtained from one of the bornite pods.

These

samples contained several interesting minerals and textures.
Gersdorffite was identified by microprobe analysis (Table X).
Optically, it has a slight gray tint and is best recognized by the
development of a reddish-orange tarnish on the mineral's surface.

Its

most common occurrence is as anhedral "sea islands" in chalcopyrite,
which range in size from a few micrometers to over 75 micrometers
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TABLE X

MICROPROBE ANALYSES OF GERSDORFFITE FROM
THE SWEETWATER (MILLIKEN) MINE (WT.%)

As

Cu

Fe

Ni

Co

S

Total

44.85

0.44

0.35

31.95

2.98

20.48

101.05

47.46

0.46

0.22

32.22

2.65

18.44

101.50

43.89

0.76

0.60

31.95

3.08

20.60

100.88

44.98

0.57

0.22

31.97

2.72

19.92

100.38

44.10

0.59

0.50

32.36

3.24

20.58

101.37

44.17

0.35

0.25

32.81

2.49

20.48

100.55

Av:44.91

0.53

0.36

32.21

2.86

20.56

100.96

All anlyses by ARL-SEMQ microprobe operating at 15 kV accelerating
voltage and 0.15 microamps sample current.
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(Figure 48).

Gersdorffite also occurs as well formed euhedral crystals

disseminated in gangue (Figure 49), similar to those previously described
from the Buick mine (Figure 29).

However, the paragenetic relationship

of gersdorffite differs at the two mines.

Whereas some gersdorffite

from the bornite pods at the Sweetwater mine has been partially replaced
by later chalcopyrite, that from the Buick mine breccia ore bodies
replaces chalcopyrite.

Thus, gersdorffite is paragenetically earlier at

the Sweetwater mine.
A third rather unusual texture for gersdorffite is shown in figure
50.

It displays a rosette texture with chalcopyrite, bornite, and

pyrite.

The inner core of the rosette consists largely of chalcopyrite

which has been enclosed by gersdorffite (Figure 51).

The gersdorffite

is in turn coated and replaced by a complex intergrowth of bornite,
chalcopyrite and pyrite.

The pyrite appears to be remnants of an early

generation of pyrite not completely replaced by the later gersdorffite,
chalcopyrite or bornite.

Finally, this complex intergrowth is coated by

an outer layer of gersdorffite.

This outer coating represents an unre

placed zone in the early gersdorffite and not a separate younger
generation.
A second white mineral, brighter than gersdorffite, occurs in
euhedral to subhedral crystals (Figure 52).

It closely resembles fletch-

erite, previously identified by Craig and Carpenter (1977) from the
Fletcher mine.

However, microprobe analyses showed that the mineral is

more correctly a nickelean carrollite or cuprian siegenite (Table XI).
The term nickelean carrollite will be adopted henceforth for minerals of
this approximate composition.
pre-chalcopyrite.

Paragenetically, nickelean carrollite is

All grains display an "exploded bomb" texture in

Figure 48.
Gersdorffite sea islands (white) in chalcopy
rite (yellow) and bornite (brown-yeHow).
40X

Figure 49.
Euhedral crystals of gersdorffite (white) dis
seminated in gangue. 60X
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Figure 50. Rosette textural intergrowth of gersdorffite
(white), chalcopyrite (dark yellow), bornite (purple) and
pyrite (light yellow).
160X

Figure 51. Enlargement of the rosette core showing chalco
pyrite (yellow) enclosed by gersdorffite (gray) and bornite
(brown). 300X

98

Figure 52. Euhedral grain of nickelean carrollite (light
yellow) in chalcopyrite (yellow). 60X
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TABLE XI

MICROPROBE ANALYSES OF NICKELEAN CARROLLITE
FROM THE SWEETWATER (MILLIKEN) MINE (WT.%)

As

Cu

Fe

Ni

Co

S

Total

0.10

10.72

0.61

17.15

30.18

41.41

100.17

0.23

13.61

4.51

17.10

23.53

40.24

99.25

0.48

12.99

5.49

16.98

21.92

39.46

97.32

0.18

11.68

2.70

19.48

25.59

41.48

101.11

0.18

10.84

0.79

18.16

28.28

40.87

99.12

0.23

10.44

1.45

18.40

28.72

41.40

100.64

0.25

12.91

4.49

17.20

25.33

40.58

100.86

0.13

8.97

0.71

18.24

30.20

41.96

100.21

0.38

16.26

7.76

15.86

20.31

40.43

101.00

Av:0.24

12.05

28.51

17.62

26.01

40.87

99.96

All analyses by ARL-SEMQ microprobe operating at 20 kV accelerating
voltage and 0.15 microamps sample current.
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which chalcopyrite fills cracks in nickelean carrollite (Figure 53).
Gersdorffite and nickelean carrollite were the only nickel-cobalt
sulfides identified in samples from the bornite pods.
relationships of interest were noted.

However, other

Figure 54 shows dolomite rhombs

which have been replaced by later sulfides.

Notice that only selective

zones within the dolomite were replaced by bornite and chalcopyrite.
Also, the exsolution texture of bornite-chalcopyrite is an interesting
relationship.

The chalcopyrite formed as colloform masses several

hundred micrometers in diameter.

Later exsolution of bornite along

margins of the colloform chalcopyrite bands gave a "bull's eye" appear
ance to the texture (Figure 55).
In addition to the aforementioned minerals, chalcocite (?), covellite and marcasite were also observed.
all are later than chalcopyrite.

With the exception of marcasite,

The paragenesis of minerals identified

from the bornite pod ores is summarized in figure 56.

Enargite and

tennantite, reported by Mouat and Clendenin (1977), were not present in
any of the polished sections prepared for this study.
Samples were also collected from unusually high grade nickel-cobalt
areas.

Megascopically these samples consisted of intergrowths of chal

copyrite, siegenite and marcasite (Figure 57).

Siegenite occurs as

bright silvery clusters of modified octahedral crystals from 1 to 5
millimeters in diameter.

Marcasite is present as both stalactites and

cockscomb crystals overgrowing siegenite.

Chalcopyrite often forms the

base upon which the siegenite and marcasite have grown.

One unusual

stalactite was found that consists of chalcopyrite that has been coated
by siegenite.
siegenite.

An inner capillary tube has also been partially lined by
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Figure 53. Nickelean carrollite (light yellow) displaying
exploded bomb texture that has been infilled by chalcopyrite
(yellow). 400X

Figure 54. Dolomite rhombs (gray) partially replaced by
chalcopyrite (yellow) and bornite (light brown). 160X

1 0 2

Figure 55. Bull's-eye-like exsolution of bornite (brown)
and chalcopyrite (yellow).
Core consists of pyrite (white).
100X

Pyrite
Marcasite
Nickelean

carroll ite

Gersdorffite
Chalcopyrite
Bornite
Chalcocite (?)
Covellite
Figure 56. Partial paragenetic sequence for the Sweetwater
mine bornite pod ores.
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Figure 57. Hand specimen of a typical intergrowth of chal
copyrite, marcasite and siegenite from the Sweetwater mine.
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Studies of thirty polished sections from the high nickel-cobalt
areas in the Sweetwater mine showed a simple paragenetic sequence and
complete lack of the complex intergrowths of chalcopyrite, sphalerite
and siegenite so common in the Buick mine ores (Figure 58).

Simple

superposition of early sulfides with partial replacement by later
sphalerite and galena was the dominant texture.
One highly unusual specimen with large crystals of siegenite coated
by dolomite was collected by Jack Bradbury, mining engineer (Figure 11).
Siegenite is present as clusters of crystals 2 to 5 millimeters in
diameter.

Binocular inspection of the crystals has shown that they are

modified and intergrown octahedrons (Figure 59).

Crystal faces are

often slightly curved, perhaps indicating lattice deformation.

Spinel

contact twinning is common with the (b) axis or {111} direction as a
twin axis.

Paragenetic studies indicate that the siegenite coats mar

casite and in turn is coated by dolomite.

This probably represents an

unusual and restricted deposition of siegenite late in the paragenetic
sequence.
A comparison of the cobalt-nickel occurrences at the Sweetwater and
Buick mines results in the following conclusions:
1)

The occurrence of siegenite at the Sweetwater mine is more

restricted than that at the Buick mine and the ore textures and
paragenesis are simpler.
2)

In general, the siegenite from the Sweetwater mine is coarser

grained than that at the Buick mine.
3)

An earlier generation of nickelean carrollite is present at

the Sweetwater mine that has not been recognized at the Buick mine.
4)

The arsenic-bearing mineral, gersdorffite, is paragenetically
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Pyrite

— —

Marcasite

—“

Chalcopyrite
Siegenite
Sphalerite
Galena
Dolomite

...............
—
——
— —
—

Figure 58. Paragenetic sequence for ore samples from high
nickel-cobalt areas of the Sweetwater mine.
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Figure 59. Octahedral, contact twinned, siegenite
crystals. 8X
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pre-chalcopyrite at the Sweetwater mine, while it is post-chalcopyrite at the Buick mine.

In addition, the thiospinel nickelean

carrollite is pre-chalcopyrite.

No thiospinels from the Buick mine

are known to be pre-chalcopyrite.
C.

MADISON MINE
1.

General Geology

The Madison mine at Fredericktown, Missouri,

has been the subject of several studies including James (1949), Kline,
Calhoun and Reynolds (1961) and El Baz (1961, 1964).

Much of the dis

cussion of general geology has been taken from these sources.

The

Madison mine as discussed here, includes all the properties formerly
operated by the National Lead Company in the Fredericktown area.
The stratigraphic section in the Fredericktown area consists of
the underlying Precambrian basement, which is largely granite, rhyolite
and altered andesite, and the overlying Cambrian Lamotte Sandstone and
Bonneterre Dolomite, together with outliers of the Davis Shale and
Derby-Doe Run Dolomite.

The Precambrian surface, like that in the

Viburnum Trend, was one of moderate to high relief.

The basal Lamotte

Sandstone filled the topographic basins between the Precambrian highs.
The Cambrian Bonneterre was deposited conformably on the Lamotte.
thickness of these two units is highly variable.

The

The Lamotte Sandstone

averages 250 feet (75 m) in thickness in the deeper basins, often
pinching out completely at the basinal margins.

The Bonneterre averages

400 feet (120 m) in thickness.
The ore deposits at the Madison mine occur in the lower 25 feet
(7.5 m) of the Bonneterre Formation in a sandy dolomite transition zone
between the quartz sands of the Lamotte and the limestone-dolomite of
the Bonneterre.

This is in contrast to the Viburnum Trend where the ore
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deposits are localized in the Upper Bonneterre.
The ore bodies are commonly classified into two types.

One type

is the "Lamotte pinchout" ore body which occurs at, or near, the pinchout of the Lamotte Sandstone against Precambrian knobs.

The second type,

basin ore, is found in areas where structural controls have caused highs
or lows to form in otherwise flat-lying sediments.

Fractures and faults

are thought to be important features in the initial ground preparation
(James, 1949).
2.

Mineralogy and General Paragenesis The primary sulfide minerals

at the Madison mine are galena, chalcopyrite, siegenite, pyrite, bravo
ite and marcasite.

Sphalerite is a minor constituent of the ores.

Well developed mineral zoning is a notable feature of the ore deposits.
Conversations with Lyndel Seabaugh (personal communication, 1977)
revealed that the chalcopyrite and siegenite are most abundant in the
lower portions of the ore bodies or "bottom ore".

Galena overlies the

chalcopyrite-siegenite ore with iron sulfides forming a halo around the
periphery of the ore bodies.

From examination of the dump samples, it

was learned that galena occurs almost to the exclusion of other sulfides
in the carbonate hosted ores of the upper transition zone, while chalco
pyrite and siegenite from the lower transition zone were nearly free of
galena.

Pyrite, marcasite and bravoite from the peripheral iron sulfide

zone contain only minor siegenite and rare chalcopyrite.

While the

zoning observed in dump samples may be extreme, the mineral zoning at
the Madison mine is more striking than at any of the mines in the Vibur
num Trend.
Samples obtained for polished section study were from two sources.
The writer made a single trip to the mine dumps to collect hand specimens
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and augmented these with polished sections prepared from a collection at
the University of Missouri at Rolla obtained by El Baz (El Baz, 1964).
Figure 60 summarizes the general paragenesis of the Madison mine ores.
The individual colloform generations of pyrite, bravoite and marcasite
deposition have not been separated.
The cobalt-nickel grade for the Madison mine is the highest reported
in southeast Missouri.

Siegenite was found in all manner of occurrence.

In the New Lead Belt, the largest proportion of the siegenite occurs
intimately associated with chalcopyrite.

This association is very impor

tant at the Madison mine, but others are nearly as important.

Siegenite

was found to be commonly associated with galena, pyrite, marcasite or
bravoite.

However, the occurrence of siegenite with chalcopyrite in the

"bottom ores" remains the most important.

Siegenite has the same coat

ing relationship as that seen at the Buick mine (Figure 12).

Sphalerite

is replaced by paragenetically younger chalcopyrite and siegenite.
The second most common occurrence of siegenite is in association
with pyrite, marcasite and bravoite around the flanks of the copper-lead
mineralization.

Siegenite is paragenetically earlier than the pyrite-

marcasite-bravoite and forms the cores of large crystals which are
coated by zoned overgrowths of the iron sulfides (Figure 61).

There is

some indication of overlap of siegenite and iron sulfide deposition,
however most of the siegenite is pre-iron sulfide and is part of a
single generation which replaces chalcopyrite.

Another interesting

feature of this siegenite is its brilliant pink tint.

The SEM spectrum

(Figure 62) indicates a lower nickel content and a higher iron content
relative to Buick mine siegenite.
Siegenite rarely occurs with galena.

When it does, it is

Ill

Figure 60.

Generalized paragenetic sequence for the Madison mine ores.
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Figure 61. Siegenite (creamy yellow) coated by zoned
bravo ite-pyrite (dark yellow) and marcasite (white). 60X

Am Plitude
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Amplitude

(A)

Figure 62. A comparison of "pink" siegenite from the
Madison mine (A) to siegenite from the Buick mine (B).
Analyses by scanning electron microscope.
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paragenetically pre-galena.

One sample showed a particularly interest

ing intergrowth of pyrite, siegenite, bravoite and galena (Figure 63).
Cores of early idiomorphic pyrite and bravoite have been replaced by
siegenite and later galena.

Although this indicates that some of the

pyrite-bravoite deposition was pre-siegenite, such occurrences are rare.
Close examination of some grains of an anomalously white thiospinel
revealed the presence of tiny cracks filled with chalcopyrite, similar
to those observed in the Sweetwater mine nickelean carrollite (Figure
64).

SEM analysis (Figure 65) of these grains show that they also are

nickelean carrollite.

All grains of cracked nickelean carrollite are

restricted to the lowest transition zone ores as indicated by abundant
clastic quartz grains in the polished sections examined.

Stratigraphi

cally higher in the Bonneterre Formation, siegenite becomes the dominant
thiospinel, indicating an evolutionary trend of thiospinel composition.
Bravoite is the only other cobalt-nickel sulfide to occur in the
specimens examined by the writer.

It is very abundant and always

associated with pyrite and marcasite in zoned grains.

Although El Baz

(1962) reported the presence of vaesite in the Madison ores, none was
observed in the polished sections prepared for the present study.
Bravoite from the Madison mine

is characterized by a broad spectrum of

colors from brownish orange to dark gray.

Individual large crystals

contain numerous bands of various colors (Figure 66).
voite is intimately interlayered with pyrite.
large crystals of marcasite (Figure 67).

Much of the bra

These intergrowths cap

Despite abundant disseminated

pyrite, the early generation of idiomorphic zoned pyrite-bravoite which
is so common in the Buick and Magmont ores (Hagni and Trancynger, 1977),
is

surprisingly rare at the Madison mine.
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Figure 63.
Idiomorphic crystals of pyrite (yellow) and
bravoite (brown-gray) partially replaced by galena (gray).
500X

Figure 64. Cracked nickelean carrollite (light yellow)
from the Madison mine infilled by chalcopyrite (dark yellow).
400X

Amplitude
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Figure 65.
Scanning electron microscope non-dispersive
analysis spectrum of a grain of nickelean carrollite from
the Madison mine.
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Figure 66. Zoned bravoite (dark yellow) intergrown with
pyrite (light yellow). 240X

Figure 67. Pyrite (light yellow) and bravoite (dark yel
low) intergrowth capped by a marcasite crystal (white).
160X
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Additional minerals and textures observed include the following.
Bornite, previously unreported at the Madison mine, was present in two
polished sections.

It appears as an exsolution-like intergrowth with

chalcopyrite (Figure 68).

The bornite may be of supergene origin, as

indicated by the presence of supergene covellite in these same specimens.
An unusual box-like intergrowth of acicular marcasite crystals was
observed in one polished section (Figure 69).
or replace grains of siegenite.

Many of these needles cut

Chalcopyrite displays an unusual collo-

form texture in the same specimen (Figure 70).
Comparison of the Madison mine ores with those of the New Lead
Belt allows the following conclusions to be drawn:
1)

Nickel-cobalt sulfides are more abundant in ores from the

Madison mine than in the ores from the New Lead Belt.

This is not

unexpected due to the high nickel-cobalt grade of the Madison mine
ores.
2)

Thiospinels are present in all parts of the ore body, but are

more abundant in the "bottom ore" associated with chalcopyrite, and
around the flanks of the copper-lead mineralization associated with
pyrite, marcasite and bravoite.
3)

Siegenite textures are similar to those for siegenite from the

Buick mine (i.e., siegenite replacing, veining and coating chalco
pyrite) and more complex than those for siegenite from the
Sweetwater mine.
4)

Bravoite is far more abundant in Madison mine ores than in the

New Lead Belt ores.

However, in contrast to the Buick mine, early

disseminated bravoite appears to be rare.

The majority of the

bravoite from the Madison mine occurs in zoned euhedral grains
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Figure 68. Exsolution of bornite (brown-gray) from chalco
pyrite (yellow). Supergene covellite (blue-gray) has formed
along the margins of the chalcopyrite. 100X

Figure 69. Acicular, box-like intergrowth of marcasite
crystals (white). 40X

Figure 70. Unusual texture for colloform chalcopyrite
(yellow). 60X

121

with paragenerically late pyrite and marcasite.
5)

Nickelean carrollite, similar in texture and paragenesis to

that at the Sweetwater mine, is present in the Madison mine ores.
6)

Distinct zoning of thiospinels is present at the Madison mine.

Nickelean carrollite is the dominant thiospinel in ores from the
lowest portion of the ore bodies.

Siegenite becomes the dominant

thiospinel stratigraphically higher in the ore bodies.

This is

in contrast to the Buick mine where no such stratigraphic zonation
of thiospinels has been noted, and somewhat similar to the Sweet
water mine where nickelean carrollite occurs in the earliest
(stratigraphically low) bornite pod ore, while siegenite is present
throughout the remainder of the ore zones.
D.

MINE LA MOTTE
1.

General Geology

Knowledge of the Mine La Motte ore bodies

comes largely from James (1949).

The ore bodies are flat-lying with

length to width ratios of 10 to 1 to 50 to 1.
and closely

They are arcuate in shape

follow the underlying Precambrian contour.

Mineralization

is concentrated in the Bonneterre Formation at, or directly above, the
pinchout of the Lamotte Sandstone against the underlying Precambrian.
The ore bodies are confined to the lower 50 feet (15 m) of the Bonne
terre Formation, which is described by Snyder and Gerdemann (1968) as a
sandy dolomite containing reworked Lamotte quartz grains and dolomite.
Near Precambrian ridges, the quartz-bearing dolomite beds intertongue
with quartz-free units in the Bonneterre.

Snyder and Gerdemann (1968)

indicate that a sharp depositional hiatus often marks the transition
from sandstone of the Lamotte Formation to sandy dolomite of the Bonne
terre.

If such is the case at Mine La Motte, and dolomite-free units

122

are absent in the Lower Bonneterre, then some of the Mine La Motte
mineralization may have occurred in the Lamotte Sandstone since several
hand specimens of ore from the UMR collection consist entirely of sand
stone with no intermixed dolomite.

This point is stressed because of

the differences noted in the paragenesis of the carbonate ore and the
sandstone ore.
2.

Mineralogy and Paragenesis

seminations and vug fillings.

The mineralization occurs as dis

The disseminated ore is present in a thin

zone of dark, argillaceous dolomite 2 to 5 feet (0.5 to 1.5 m) thick.
Immediately above and below this zone are massive galena replacements.
Vug-filling mineralization is of minor importance and occurs above the
disseminated ore.
Examination of the Mine La Motte ore consisted of microscopic study
of ten polished sections prepared from samples collected at Mine La
Motte during the active mining period.

Preparation of the ore samples

revealed two distinct types of ore occurrences.

One type of ore con

sisted largely of pyrite-marcasite, galena, chalcopyrite and siegenite
replacing sandy dolomite.

A second type occurs as the matrix in a

sandstone, where the mineralization consisted of pore fillings and local
replacement of quartz grains.

Based upon the gangue mineralogy, it is

presumed that the first group of samples represents ore from strati graph
ically higher host rocks than the second.

Megascopically, the upper ore

is more galena-rich and copper-poor than the lower ore.

Microscopic

examination shows that in addition to the aforementioned minerals, minor
amounts of sphalerite and rare bravoite, chalcocite and fahlore (possibly
tetrahedrite) are present.
Major textural as well as paragenetic differences are present in
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the two types of ore.

The sandstone ores are predominantly pore fill

ings and minor replacements of sand grains (Figure 71).

Replacement is

restricted to small patches a few tens of millimeters in diameter.
Replacement becomes more widespread in the carbonate ores (Figure 72).
Ore and gangue textures of the carbonate ore do not vary significantly
from those previously discussed for the Madison mine.

The other major

mineralogic differences noted between the two ore types is the more
abundant galena and the presence of a fahlore series mineral in the
carbonate ores.
Figure 73 summarizes the paragenesis of both ore types.

Note that

in the sandstone ores, siegenite is pre-chalcopyrite while in the car
bonate ores, the converse is true.

An SEM analysis of the

pre-chalcopyrite thiospinel from the sandstone ores at Mine La Motte is
given in figure 74.

Its composition is that of a cobalt-rich siegenite

in contrast to the "normal" nickel-rich siegenite of the carbonate ores.
Infilling

of cracks by chalcopyrite is evidence that the cobalt-rich

siegenite from the sandstone ores is paragenetically pre-chalcopyrite
(Figure 75).

Thus it occupies the same paragenetic position as the

nickelean carrollite at the Madison mine.

It is also interesting to

note that the chalcopyrite filling the cracks in the cobalt-rich siegen
ite was itself occasionally brecciated and cemented by chalcocite
(Figure 76).

This feature has not been observed at other mines.

late siegenite is also present in the sandstone ores.

Minor

The typical

carbonate ore textures are replacement and veining of chalcopyrite by
later siegenite.

Paragenesis is similar to that of the Buick mine ores.

The differences between the two major ore types can be summarized
as follows:
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Figure 71. Sulfide-gangue texture for the sandstone ores.
Chalcopyrite (yellow) and covellite (blue-gray) infill and
partially replace quartz grains (brown). 60X

Figure 72. Sulfide-gangue texture for the carbonate ores.
Chalcopyrite (yellow) and marcasite (white) replace carbonate
(dark brown). 60X
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Siegenite
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Chalcopyrite

•

•
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Siegenite
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Galena

B
Figure 73. Tentative paragenetic sequences for the
sandstone ores (A) and the carbonate ores (B) from
Mine La Motte.

Amplitude
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Figure 74. Scanning electron microscope non-dispersive
analysis spectrum of a grain of cobalt-rich siegenite from
Mine La Motte.
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Figure 75.
Cobalt-rich siegenite (white) infilled by chal
copyrite (yellow).
320X

Figure 76.
Brecciated chalcopyrite (yellow) cemented by
later chalcocite (blue-gray).
320X
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1)

Cobalt-rich siegenite, which is pre-chalcopyrite, is the most

important thiospinel in the sandstone ores, while nickel-rich
siegenite, which is post-chalcopyrite, is the dominant, and
perhaps only, thiospinel in the carbonate ores.
2)

A fahlore series mineral is present in the carbonate ores which

was not observed in the sandstone ores.
3)

Galena is a more important constituent of the carbonate ores.

A comparison of Mine La Motte to the Madison mine and the Viburnum
Trend mines leads to the following conclusions:
1)

As at the Sweetwater and Madison mines, a pre-chalcopyrite,

cracked thiospinel is present in the lowest portions of the ore
bodies.

However, unlike these two mines, the Mine La Motte thio

spinel is a cobalt-rich siegenite.
2)

Siegenite, the dominant thiospinel in the carbonate ores, has

similar textures and paragenesis to siegenite from the Buick mine.
3)

Cracked chalcopyrite is present in the Mine La Motte ores.

It

has not been described elsewhere.
4)

Bravoite is not as abundant as at the Madison mine.

However,

this may be the result of an insufficient number of samples, since
pyrite and marcasite were also not as abundant.
E.

THE HIGDON DEPOSIT

1.

General Geology

Little information has been released on the

geology of the Higdon deposit.

Much of the information contained herein

is from studies of ore-gangue textures, examination of drill core, and
comparisons with other similar deposits.

The stratigraphic position of

the Higdon deposit and its geographic location, suggest the deposit
should be similar to Mine La Motte.

Examinations of the limited core
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samples available indicate that the Higdon deposit is of the La Motte
pinchout type.

Mineralization occurs in the transition zone of the

Bonneterre and in the upper few feet of the Lamotte Sandstone.

Unlike

other Old Lead Belt deposits, mineralization seems to consist entirely
of pore space fillings with very little replacement of framework
elastics.

The lack of more massive replacement may be the result of the

small number of core holes available for study.
2.

Mineralogy and Paragenesis

from four drill holes were studied.

A total of 18 polished sections
The writer would like to thank the

Bunker Hill Company for permission to examine the core and collect
samples for polished section study.

The preparation of polished sec

tions from Higdon was especially difficult because the plucking of sand
grains resulted in a very poor polish.

The pitting made identification

of the various minerals difficult.
A short, tentative paragenetic sequence has been prepared (Figure
77) and several observations can be made.
very similar to that for Mine La Motte.

The paragenetic diagram is
The only difference is the

absence of differentiation between sandstone and carbonate ores.

Galena

and sphalerite are more abundant than at Mine La Motte, while pyrite and
marcasite are less so.

The early generation of pyrite and marcasite

appears to be free of bravoite, but this may have been the result of the
poor polish.

The bravoite coatings on late marcasite are much smaller

and less abundant than those at the Madison mine.

A single grain of a

gray fahlore series mineral was observed but it could not be placed
paragenetically and was not included in the paragenetic diagram.
Two generations of thiospinel mineralization are present.

The

first generation is identical in appearance to the cracked siegenite
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P yrite
M arcasite
S ie g e n ite
C h alcopyrite
Bravoite
Sp h ale rite
G alena
Figure 77,
ore body.

Tentative paragenetic sequence for the Higdon
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from Mine La Motte (Figure 78).

Although an SEM or microprobe analysis

was not performed, this thiospinel is thought to be a cobalt-rich sie
genite.

The second generation of thiospinel mineralization appears to

be a "normal" nickel-rich siegenite.

It lacks the aforementioned cracks

and displays a coating relationship with chalcopyrite.
In general terms, the Higdon deposit appears to be similar to Mine
La Motte and the Madison mine.

Regrettably, the small number of drill

holes available for sampling does not allow any more detailed conclu
sions.

Figure 78. Early generation of thiospinel mineralization
(yellow-white) brecciated and cemented by chalcopyrite (dark
yellow). 400X
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IV.

A.

GEOCHEMISTRY

REGIONAL GEOCHEMISTRY
The regional geochemical environment at the time of deposition of

the Viburnum Trend ores is the subject of some debate.
is based on a very limited amount of data.

Current theory

Fluid inclusion studies by

Roedder (1977) have established temperatures at the sites of deposition
that are generally less than 150°C and salinities that are quite high.
Theoretical phase constraints (see later section) have also indicated
temperatures below 200°C.

A study by Anderson (1975) concluded that the

metals were transported in sodium chloride solutions essentially devoid
of sulfur and were precipitated at their present sites by biogenically
derived sulfur (Gerdemann and Myers, 1972).

Recent studies by Sverjen-

sky, Rye and Doe (1979) question this hypothesis, but at the present
time it remains the most viable alternative.

Thus, the Viburnum Trend

ore deposits are generally thought to be the result of a mixing of metal laden connate brines with biogenically derived sulfur.
Facies patterns and breccia ore bodies strike roughly north-south
in the Viburnum Trend.

Ore fluids, upon entering the breccia conduit

system, would expect to encounter adequate biogenic sulfur for deposi
tion.

Thus, any concentration gradients for the metals could possibly

be an indication of direction of the ore fluid movement within the
breccias.
In order to better understand the regional geochemistry of cobalt
and nickel, it is necessary to make two basic assumptions.

One is that

concentrations of cobalt and nickel can be expected to decrease with
increasing distance from the source.

The second is that the nickel to
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cobalt ratio can be an indicator of direction of ore fluid movement.
Barnes (1962) studied the mobility of complexed metal ions and found
that with an increase in stability factor (D), mobility of the ion also
increases.

The calculated D values for nickel and cobalt are 83 and 81

kilocalories respectively.
to be the more mobile.

Thus, theoretically nickel can be expected

However, the small difference in D values argues

for extreme caution when using the above assumption.

Both assumptions

are undoubtedly oversimplifications, and other factors may also be impor
tant, but concentration and changes in the nickel/cobalt ratio are
certainly highly dependant on distance from the source.
Figure 79 shows the relative concentrations of cobalt and nickel
reported from the mines in southeast Missouri.

In order to protect the

confidentiality of information supplied by the mining companies, relative
rather than absolute concentrations of cobalt and nickel are depicted.
The east-west dimension of each bar represents the relative concentra
tions, and the north-south dimension approximates the strike length of
the deposit.

The number in parentheses is the nickel/cobalt ratio.

In

real terms, the concentrations at the Madison mine are on the order of
10 to 20 times those in the New Lead Belt and perhaps 100 to 200 times
those in the Flat River-Bonne Terre area.

The values on which the

nickel and cobalt concentrations are based were obtained from a confi
dential study by Hagni and Jessey (1976) for the U.S. Bureau of Mines.
In general, the depicted concentrations represent the average mill head
grade for a period of one year or the calculated nickel-cobalt grade for
the entire ore body.

In both cases, the figures represent averages of

in excess of one thousand analyses.

In the case of the Flat River-Bonne

Terre area and Annapolis, estimates are the result of conversations with
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geologists familiar with those mines.
The greatest concentrations of cobalt and nickel occur in the
Fredericktown subdistrict.

The high concentrations may be the result of

selective mining which has left the high grade cobalt-nickel areas
unmined, but selective mining aside, the concentrations of cobalt and
nickel in the Fredericktown area are doubtless the highest in southeast
Missouri.

The second highest concentrations of cobalt and nickel are

present in the Magmont, Buick, Brushy Creek and Fletcher mines at the
north end of the Viburnum Trend.

Concentrations in these mines are at

least an order of magnitude less than at the

Madison mine.

The lowest

concentration of cobalt and nickel are thought to be present at the
Annapolis mine and in the Flat River-Bonne Terre area of the Old Lead
Belt.
A closer look at the mines in the Viburnum Trend also reveals that
there is a general pattern of decrease in cobalt and nickel grade south
ward and northward from the Magmont mine.

The northward decrease in

cobalt and nickel grade may not be as significant as that to the south.
The ore bodies at Indian Creek and Viburnum mines to the north of the
Magmont mine more closely resemble the Lamotte-pinchout type ore bodies,
and as such, are geologically distinct from the solution collapse and
bedded replacement ores of the Magmont, Buick, Brushy Creek, Fletcher
and Sweetwater mine.

However, the decrease in cobalt and nickel con

centration to the south of the Magmont mine is thought to be significant
The pattern southward from the Magmont mine is one of systematic
decrease in cobalt and nickel concentration from the Magmont to the
Brushy Creek mine, a slight increase at the Fletcher mine, and a
decrease at the Sweetwater mine.
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The decrease in cobalt and nickel concentration southward from the
Magmont mine agrees well with the results of a study by Mantei (1977)
which presented data showing that antimony and silver in galena have
similar trends.

It also agrees with the data from trace elements in

sphalerite presented by Bhatia (1976).

Further, it has been noted by

the writer that the trend for cobalt and nickel to decrease southward
closely parallels a similar trend for copper (not shown for reasons of
confidentiality).

This indicates that copper, nickel and cobalt may

have a common source.

Erickson, et al.(1979) studying trace element

trends in the ore host rocks also noted a trend for cobalt and nickel to
increase near the south end of the Viburnum Trend.

Fass (1980) studied

ore fluid movement based on crystal asymmetry and found that the ore
fluids have moved southward at the Buick and Fletcher mines, whereas
those at the Sweetwater mine had moved to the northeast.
As stated previously, the nickel/cobalt ratio may also be useful as
an indicator of direction of movement of the ore fluids.

Based on the

assumption that nickel is more mobile than cobalt, the nickel/cobalt
ratio can be expected to increase with increasing distance from the
source.

The nickel/cobalt ratios in the Fredericktown area are remark

ably uniform, indicating no directional trend and perhaps a common
source for all of the cobalt and nickel in close proximity to the mines.
Nickel/cobalt ratio trends for the Viburnum Trend are more diverse and
interesting.

The nickel/cobalt ratio increases southward from the

Magmont to the Brushy Creek mines, and then decreases from that point
to the Sweetwater mine.

Although the variation in nickel/cobalt ratios

is quite small between mines, it may be statistically significant based
on the large number of analyses..

If a lower ratio is indicative of
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proximity to source, then the data shows two possible sources, one
proximal to the Magmont mine and a second near the south end of the
Viburnum Trend.

This is supported by the conclusions of Fass (1980),

discussed previously, and by the data on concentrations which show a
systematic decrease from the Magmont to the Brushy Creek mines, an
increase at the Fletcher mine (presumably due to contributions of
nickel and cobalt from the north and south), and a decrease at the
Sweetwater mine.
The nickel/cobalt ratios for the Indian Creek and Viburnum mines
are also interesting.

At Indian Creek, the nickel/cobalt ratio is 0.9,

the only mine in southeast Missouri with a ratio less than one.

Present

mining activity at Indian Creek is concentrated largely in ores in the
Lower Bonneterre and Upper Lamotte.

As seen in the previous chapter,

ores from the Lower Bonneterre and Upper Lamotte are characterized by
the presence of cobalt-rich siegenite and nickelean carrollite.

Thus,

Indian Creek is another example of increasing cobalt content in stratigraphically lower ores.
to explain.

The ratio at Viburnum (1.8) is more difficult

Studies by this writer at the Buick mine, to be detailed

later, have shown that a nickel/cobalt ratio in excess of 1.6 is indica
tive of the presence of substantial amounts of bravoite.

Paradoxically,

a microscopic study undertaken by K. Horral (personal communication) has
not indicated the presence of appreciable bravoite.
The major conclusions on regional geochemistry of cobalt and nickel
can be summarized as follows:
1)

The greatest concentration of cobalt and nickel is present in

the Fredericktown area.

The second greatest concentration is

present in the Viburnum Trend mines.

139

2)

The concentrations of cobalt and nickel decrease southward from

the Magmont to the Brushy Creek mines, increase at the Fletcher
mine, and decrease again at the Sweetwater mine.
3)

The nickel/cobalt ratio shows little or no variation in the

Fredericktown area indicating no directional trend and possibly a
common source for all three mines in proximity to the sub-district.
4)

For the Viburnum Trend, the nickel/cobalt ratio increases

southward from the Magmont mine to the Brushy Creek mine, then
decreases southward to the Sweetwater mine.

When combined with the

data on concentrations, this indicates two possible sources for
nickel and cobalt, one near the Magmont mine and a second at the
south end of the Trend near the Fletcher or Sweetwater mines.
B.

BUICK MINE GEOCHEMISTRY
1.

Sample Collection

To test the conclusions on regional geochem

istry, it was decided to undertake a detailed study at the mine level.
The Buick mine of AMAX Lead Company was chosen for several reasons:
(1) geometrically, it had dimensions suitable for a large scale sampling
project; (2) the geology department was keenly interested in the nickelcobalt problem; (3) the geology department was familiar with mineral
zoning within the mine; (4) some unusual occurences of nickel-cobalt
mineralization had been reported there.
Much of the sampling was done during a three week period in July,
1977.

Subsequent trips during the succeeding two years have added to

the original samples.

Over 250 samples have been collected.

Figure 80

shows the approximate locations of samples collected to study lateral
zoning.

In addition to these, others were collected to study vertical

zoning and for ore microscopic examination.

Further, approximately
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20 core samples were obtained for the purpose of studying mineral
zoning in the host rocks.

An effort was made to collect a representative

suite of all the ore minerals present at each site.

This resulted in

some obvious high-grading, but had no overall effect on the research.
A special effort was made to intensively sample zones which contain
visually recognizable nickel-cobalt minerals.
2.

X-ray Analysis

The writer would like to thank Dr. Sheldon K.

Grant, University of Missouri-Rolla, for his assistance with the x-ray
analysis.

One hundred and forty samples selected for x-ray analysis

were crushed with a small chipmunk jaw crusher and sieved.

Intermediate

sieve fractions -50 +175 mesh were ground in a small 100 ml capacity
stainless steel mixing mill and resieved.

The -175 mesh material was

then reduced in volume using a sample splitter until a small, but repre
sentative sample remained.
mortar and pestle.

This was further crushed using an agate

The powder samples were then pressed in boric acid

powder cups under 10,000 pounds/square inch (700,000 gr/cm ) pressure
in a sample mounting press.

During actual sample analysis, the cups

were covered with polyethylene to prevent contamination of the sample
chamber from loose grains.
Chemical analyses were performed with a Philips PW 1410 X-ray
Spectrometer.

The chromium tube was operated at 40 ma and 40 Kv, using

a coarse collimator setting, a LiF crystal and no filter or vacuum.
Three 10-second counts were taken at each 2e setting and averaged to
reduce error.
The elements sought were lead, zinc, copper, nickel, cobalt and
iron.

The 2e values used were 33.93, 41.76, 44.99, 48.62, 52.75, and

57.47 respectively.

Machine drift and matrix effects cari often be
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Figure 80. Locations of samples collected to study elemental
zoning at the Buick mine.
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critical in x-ray fluorescence work.

It was felt that the simplest

procedure for eliminating these problems was to use one slab sample
containing all the elements sought as a machine standard.

Five powder

samples were then selected that best covered the count range and were
analyzed at a commercial laboratory.

Commercial analyses were performed

by umpire assay at Rocky Mountain Geochemical Labs in Salt Lake City,
Utah.

Analytical error was reported to be ±5%.

Table XII presents the

results of these analyses.
Graphic plots indicated linear relationships between counts per
second and concentration were present for the elements copper, nickel,
cobalt and iron.

However, actual calculations of concentrations were

performed on a programable calculator using a linear regression equation
of the form
C = RS + I

(5)

where R = counts per second, S = slope, I = intercept, and C = concen
tration.
For the elements lead and zinc, the linear relationship was found
to hold true only at lower concentrations.
the plot more closely resembles a curve.

At very high concentrations
Using the method of Bertin

(1975, p. 506), it was possible to resolve this problem mathematically.
At low concentrations, a basic linear regression equation was used to
derive concentrations.

However, where the graphic plot took on the form

of a curve, it was found that a ratio of the concentration over intensi
ty could resolve this curve into a series of points that would plot as a
straight, or nearly straight, line.

Bertin's basic equation 12.3 (p.506)

can be used to derive a straight line from the curved portion of the
plot in the following manner:
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TABLE XII

CONCENTRATIONS (WT.%) AND COUNTS PER SECOND
OF X-RAY FLUORESCENCE STANDARDS

Copper

Lead
cps

%

%

Zinc
%

cps

cps

0.0035

8

0.025

4

0.0165

0.0045

10

0.043

8

0.213

207

0.0120

19

0.83

20

3.98

3250

1.18

1565

8.80

1038

8.60

5835

2.52

2205

11.20

2170

13.0

8576

9.00

6850

54.00

6040

26.0

12,024

%

Iron

Cobalt

Nickel
cps

%

15

cps

%

cps

0.0028

1.5

0

0

0.63

268

0.0060

3

0.0004

0.2

0.90

385

0.047

24

0.033

16

1.70

750

0.12

67

0.099

47

2.58

1086

0.27

155

0.23

110

11.4

4812

1.82

1073

1.20

585

13.8

5807

cps = counts per second
All samples analyzed by atomic absorption spectrophoto
metry at Rocky Mountain Geochemical Corporation Labs.
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p c
K
C + a(l-C)

(6)

C/R = C + a(l-C)

(7)

C/R = 'C + a - aC

(8)

C/R = C(l-a) + a

(9)

where C = concentration, R = intensity and a = constant.

Substituting

values for slope and intercept in place of the constants, an equation
of the form
C/R = C(S) + I

(10)

is obtained, where S = slope and I = intercept.
Thus, two equations were used.

At low concentrations, an equation

of the form C = RS + I was used, while at higher concentrations, an
equation of the form C/R = C(S) + I was used.

The point at which the

curve and straight line intersect was evaluated by substitution of stan
dard values in each equation.

This point can also be determined by the

simultaneous solution of the previous two equations.
3.

Results

a.

Correlations and nickel/cobalt ratios

The data provided by

x-ray analysis was examined for inter-element correlations, variations
in nickel-cobalt ratios, and lateral as well as vertical zoning patterns.
Figure 81 is a correlation matrix for the elements studied.

Correlation

coefficients were calculated for each element pair using a programable
calculator.

It can be seen that the best correlation coefficient (0.99)

is for the elements nickel and cobalt.
the Buick ores.

This is as would be expected for

It was noted in the previous chapter that most, approxi

mately 95%, of the cobalt and nickel coexists in the minerals siegenite
and bravoite.
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Figure 81.
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cobalt correlation matrix for the Buick
mine ores.
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Iron and copper appear to possess the next best correlations with
nickel and cobalt.

Again this can be predicted since much of the sie

genite is intimately associated with chalcopyrite.

The fact that the

correlation of cobalt with copper (0.56) is significantly higher than
the correlation of nickel with copper (0.41) can be explained by the
high concentrations of cobalt in some chalcopyrite (J.R. Craig, personal
communication).

The near equivalence of the correlation coefficients

for cobalt with iron (0.49) and nickel with iron (0.45) is more difficult
to explain.

A possible explanation may be that the high correlation

coefficient of iron with cobalt in the chalcopyrite is counteracted by
the tendency for nickel to be more abundant in the iron sulfides (e.g.
bravoite).

Therefore, the correlation of iron with nickel may increase

while that with cobalt decreases.
There also appears to be a weak correlation between nickel, cobalt
and zinc.

The correlation coefficients are 0.32 and 0.33 respectively.

Again this correlation agrees well with the observed association of
chalcopyrite and siegenite with sphalerite in certain areas of the mine.
Indeed, the general paragenetic sequence of chalcopyrite --- ►siegenite
____ ►sphalerite would predict the presence of sphalerite with siegenite.
Little or no correlation occurs between nickel, cobalt, and lead.
As shall be seen, lateral zoning patterns tend to indicate that some
correlation may exist, but the ubiquitous occurrence of galena in all
parts of the mine and the possibility of multiple sources for the lead,
may serve to mask any correlation.
Nickel/cobalt ratios were plotted in the form of a histogram for
all Buick mine ore samples.
82.

The resulting histogram is shown in figure

The majority of samples clustered around a nickel/cobalt ratio of

147

Figure 82.

Histogram of nickel/cobalt ratios for ore samples from the Buick mine.
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1.65.

Although this ratio is slightly higher than the calculated nickel/

cobalt ratio of 1.4 for siegenite, this population is dominated by the
mineral siegenite, possibly with minor admixed bravoite.

A second major

population showed a wide range of nickel/cobalt ratios from 8 to 15.
Ratios in this range are indicative of the mineral bravoite.

During the

study of ore mineralogy, it was noted that siegenite and bravoite are
the most common nickel/cobalt sulfides.

Thus, the histogram supports

the observations from ore microscopy.
A third, smaller population of samples centered on a one-to-one
ratio was also noted.

At first, it was felt this might simply be the

result of a slightly non-Gaussian sample distribution.

However, in

studying the data, it was found that many of the samples in this
population are from one small area in the mine.

There are at least two

possible explanations for this sample population.

First, the samples

in this group may be representative of an area of cobalt-rich siegenite.
Second, these samples contain abundant chalcopyrite which may have incor
porated significant amounts of cobalt.

Unpublished data indicate

chalcopyrite can contain relatively high concentrations of cobalt with
an average nickel/cobalt ratio of about 0.75.

This is lower than the

ratio of 1.0 for the above population, but this may be the result of
the presence of small amounts of siegenite.
b.

Lateral zoning

have been mapped (Figure 83).

Two zones of high nickel-cobalt concentration
One zone along the east flank of the west

ore body has been previously reported (Rogers and Davis, 1977).

This

zone has been extended to the north and south by additional mapping and
x-ray fluorescence data.

Concentrations of nickel and cobalt are charac

teristically 20 to 50 times greater than those in samples from outside
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Figure 83. Major nickel-cobalt zones in the Buick
mine (after Rogers and Davis, 1977).
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the zone.

Siegenite is the dominant nickel-cobalt mineral with traces

of bravoite, polydymite and gersdorffite.
Several interesting features were noted within this zone.

It is

remarkably uniform in composition and consists of siegenite in addition
to chalcopyrite, sphalerite, pyrite and lesser galena.

Commonly, the

siegenite occurs in intimate intergrowth with chalcopyrite and sphaler
ite.

This zone is underlain by a thick seam of galena and overlain by

high grade sphalerite.

Throughout most of its strike length, the nickel-

cobalt zone remains along the east flank of the west ore body.

However

at the north end of the AMAX property, it appears to widen and thicken
with cobalt-nickel grades undergoing a marked increase.
A second zone of high nickel-cobalt concentration occurs at the
center of the east ore body where it is overlain by a relatively thick
marcasite cap and underlain by a high grade seam of galena.

Although

this zone was not discussed by Rogers and Davis (1977), it has been
recognized by mine geologists for some time.

The nickel-cobalt miner

alization is usually associated with chalcopyrite and the iron sulfides
pyrite and marcasite.
sulfides present.

Siegenite and bravoite are the only nickel-cobalt

This zone is often difficult to map because the con

centration of cobalt and nickel is about 1/2 to 1/5 that of the zone in
the west ore body.

Thus, it is often necessary to rely on the presence

of chalcopyrite when mapping.

However, microscopic examination of

polished sections from this ore body show that some of the cobalt-nickel
mineralization is associated only with iron sulfides.

Mapping of the

cobalt-nickel zone on the basis of the presence of chalcopyrite has pre
viously indicated that the zone continued up the center of the east ore
body at the north end of the mine.

However, x-ray fluorescence data
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indicate that the cobalt-nickel zone may cross over to the east flank of
the west ore body and join the other nickel-cobalt zone.

This would

account for the remarkable increase in nickel-cobalt grade of the west
ore body at the north end of the mine.
North-south zoning of metals has been previously studied by Rogers
and Davis (1977).

They found that north of the shaft, lead remains

relatively constant, while zinc content decreases and cobalt and copper
increase.

To the south of the shaft, lead decreases, then undergoes an

abrupt increase about one mile south of the shaft, while copper and
cobalt show a general tendency to decrease and zinc remains relatively
constant.
In addition to the lead, zinc, copper and cobalt studied by Rogers
and Davis (1977), the present study also included nickel and iron.

It

showed general agreement with the work of Rogers and Davis but differed
in certain respects.

Parts of the south end of the mine have not yet

been developed, so the southernmost 4000 feet (1200 m) of the Rogers
study area are not included.

Also, most of the samples for this study

were collected underground and not from drill core as were those of
Rogers and Davis.

Further, the central ore body, which is very low in

nickel and cobalt, was only sampled sparingly.
Figure 84 summarizes the metal trends for the entire mine.

Nickel

and cobalt show a dramatic tendency to decrease in abundance from north
to south.
trend.

Further, copper and to a lesser extent, lead show this same

Zinc shows no general trend and appears to remain relatively

constant throughout the mine.
the northern 1/3 of the sample

Iron shows a general trend of decline in
area, while throughout the remainder of

the mine it is relatively uniform in occurrence.
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North-south concentration variations for major and minor elements in the Buick mine.
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Nickel/cobalt ratios are also shown on figure 84.

It can be seen

that there is a trend for the ratios to increase from north to south
within the mine, indicating that nickel becomes more plentiful with
respect to cobalt at the south end of the mine.
by polished section observation.

This has been confirmed

Bravoite becomes far more abundant in

the southern portion of the study area.
In order to further examine metal zoning, the trends of the above
elements were plotted individually for the east and west ore bodies.
The central ore body is discontinuous and insufficient samples were
available for study.

Figure 85 illustrates that both nickel and cobalt

dramatically decrease from north to south for the west ore body.

In

contrast, nickel-cobalt concentrations in the east ore body remain
relatively uniform.
Copper and lead, two elements which showed similar patterns to
cobalt and nickel (Figure 84), also decrease from north to south in the
west ore body (Figure 86 ).

However, for the east ore body, copper is

highest near the shaft, decreasing both to the north and south, while
lead decreases then increases north of the shaft and generally decreases
south of the shaft.
The trends for zinc and iron (Figure 87) tend to reflect their
general trends (Figure 84).

The zinc content of the west ore body under

goes a series of increases and decreases, having no obvious pattern.
The zinc content of the east ore body remains relatively uniform north
of the shaft, but undergoes a marked increase south of the shaft parti
cularly at the southern end of the sampling area, probably as a result
of a merging of the central and east ore bodies (Doug Mugel, personal
communication, 1980).

Iron in the west ore body shows a tendency to
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Figure 85.
A comparison of the north-south variations in nickel and cobalt concentrations for the
west and east ore bodies.
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Copper

Lead

Figure 86.
A comparison of north-south variations in copper and lead concentrations for the west and
east ore bodies.
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Figure 87.
A comparison of the north-south variations in zinc and iron concentrations for the west
and east ore bodies.

157

decrease at the north end of the mine, but remains uniform throughout
the rest of the mine.

For the east ore body, iron appears to show

little or no significant trend.
A comparison of the general elemental trends with those for indi
vidual ore bodies indicates that for the west ore body, elemental trends
very closely reflect those for the mine in general.

The fact that

patterns in the east ore body do not mirror those for the west ore body
is significant.
poraneous.

Possibly, the east and west ore bodies are not contem

A comparison of the nickel/cobalt ratios in the east and

west ore bodies (Table XIII) reveals that the trend for the west ore
body very closely mimics the general trend of increasing nickel with
respect to cobalt from north to south, while the east ore body shows
little trend from north to south.

This sheds little light on the actual

age relationships of the two ore bodies but does indicate they are not
time equivalent.
c.
cult to study.
this purpose.

Vertical zoning

Vertical zoning proved to be the most diffi

More than 40 samples were collected specifically for
Cross sectional profiles were initially considered for

four locations in the mine.

However, it was found that many samples

that were collected outside of the high cobalt-nickel zones were more
dependent on the presence of other sulfide minerals than on actual varia
tions due to cobalt and nickel zoning.

At low concentrations, the

nickel and cobalt tend to occur as trace elements rather than as distinct
mineral species and as such, geochemical constraints on the host sulfide
dictated the concentrations of the nickel and cobalt.

In other words,

where chalcopyrite and sphalerite were the dominant minerals, there was
increased cobalt, and where galena and iron sulfides were present, there
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TABLE XIII

NICKEL/COBALT RATIOS FOR THE EAST AND WEST
ORE BODIES (NORTH AT THE TOP, SOUTH AT THE BOTTOM)

Ni/Co Ratio
West Ore Body

East Ore Body

1.35

1.80

1.39

1.60

1.38

1.67

1.67

1.33

1.56

1.75

1.83

2.00

2.00

1.40

Average:

1.60

1.65

Weighted Average*:

1.40

1.60

*Weighted average was calculated by averaging the concentra
tions for the entire ore body, then taking the ratio of that
average concentration.
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was increased nickel, thus masking the actual zoning of nickel and
cobalt.
As a result, only one of the four cross sections was suitable to
examine vertical zoning.

Figure 88 is an east-west cross section of the

high cobalt-nickel zone along the east flank of the west ore body at the
north end of the Buick mine.

A well developed trend of increasing

nickel/cobalt ratios toward the center of the high cobalt-nickel zone
is present.

The actual bull's-eye appearance of the zoning pattern is

more subjective and interpretive.

The best explanation for this pattern

assumes that the earliest ore fluids were the most cobalt-rich.

If this

assumption, which is based to an extent on thiospinel paragenesis to be
discussed later, is correct, then the high cobalt-nickel zone appears
to have formed from the outside inward with the earliest ore minerali
zation deposited at the flanks of the zone and successively younger
generations deposited inward toward the center.

This does not mean that

the entire west ore breccia had formed prior to mineralization, but only
that portion containing the high cobalt-nickel zone.

Formation of the

breccias was probably an evolutionary process resulting from solution
activity of undersaturated ore fluids which were in disequilibrium with
the host rocks (Clendenin, 1977).
An alternative interpretation of the cross section might be that
the zoning pattern takes the form of an inverted goldfish bowl.

The

mineralizing fluids would then be fed upward into the structure from
below, rather than being introduced laterally.

In reality, it is more

likely that the actual fluid flow may have had more than one directional
vector, and that the resultant vector is a combination of vertical and
horizontal movement.
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West Breccia Ore Body

20 feet

Figure 88 . Vertical cross section of the east flank of the Buick mine west ore body
showing Ni/Co ratios and a possible interpretation of a zonal pattern for the ratios.
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d.

Host rocks

Twelve samples were collected in the host rocks at

various distances from the ore bodies.

Seven of these were from the

fore reef and offshore facies, and the remaining five from the back reef
facies.
samples.

Table XIV summarizes the results of the analyses of these
Average concentrations of nickel were approximately 60 ppm and

those of cobalt 5-7 ppm.

The uncertainty for cobalt results from the

fact that many samples contained cobalt concentrations below 5 ppm, the
minimum concentration which can be accurately determined.

The nickel/

cobalt ratio suggests that if the elements are present as separate sul
fide phases, they would occur in the mineral bravoite.

Polished section

study, however, indicates nickel and cobalt probably occur as trace
elements in disseminated pyrite.
The erratic assays for zinc are also noteworthy.

In the barren

host rock, zinc displays an erratic pattern with a two order of magni
tude difference between low and high samples.

This appears to be in

keeping with the pattern of zinc to show geochemical trends different
from those of the other metals.

By way of explanation, zinc was the

only metal for which not even a hint of a north-south decrease was
present in the Buick mine ores.
It is interesting to compare the nickel content in those samples
taken to the west of the mine with those to the east.

Samples taken to

the west of the Buick mine show consistently lower nickel concentrations
(42 ppm) than those to the east (71 ppm).

In fact, the same can be said

for all metals with the possible exception of lead.

An explanation for

higher concentrations of nickel to the east of the mine is not readily
apparent.

It could be the result of the different rock types and dis

tance from the paleoshoreline.

The fine grained back reef facies lies
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TABLE XIV

CONCENTRATIONS OF MAJOR AND MINOR ELEMENTS FOR SAMPLES
AWAY FROM THE ORE ZONE (ALL CONCENTRATIONS IN PPM)

Sample No.

Pb

Zn

Cu

Ni

Co

Fe

S-36

7160

2910

768

104

31

8,200

C-3*

231

1540

107

1280

735

22,600

C-15*

500

200

57

55

8

9,500

C-38*

404

282

41

47

<5

14,200

C-39*

450

195

39

45

8

4,300

C-37*

271

282

37

50

<5

6,000

C-35*

277

554

38

35

16

4,000

C-17*

289

189

125

72

<5

6,100

C-2

230

3210

67

72

8

9,400

C-36

341

534

37

67

<5

20,800

C-34

800

414

39

65

<5

22,600

C-l

393

18,500

159

66

<5

14,000

C-31* Fore

1210

523

51

65

<5

8,100

C-32* Reef

376

367

43

40

8

23,800

C-16 Backreef

260

2040

80

84

16

12,300

♦Sample taken to the west of the ore zone.
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to the east of the mine, nearer the shore, while the more permeable
fore reef lies to the west, offshore.

Erickson (1979) however, describes

the presence of a geochemical halo around the ore bodies and argues for
an introduction of some nickel during mineralization.

If this is in

fact true, it fails to explain why the samples to the east of the mine
have higher average concentrations of nickel, particularly since the
back reef facies has a very low porosity.

It seems plausible to this

writer that later mineralizing fluids moving at times through the more
permeable fore reef facies, leached some of the nickel and cobalt that
was initially present, thus giving the resultant lower concentrations to
the west of the mine.

Whatever the initial mechanism of nickel-cobalt

emplacement in the host rocks, the small difference in concentration
(about 30 ppm) between samples from west of the mine and those from east
of the mine, argues that most of the nickel and cobalt present in the
ores could not be derived locally from the Bonneterre by leaching, but
was rather introduced by the ore fluids.
C.

MAGMONT MINE GEOCHEMISTRY
Some observations can be made about elemental trends for the Magmont

mine which lies immediately north of the Buick mine.

These observations

are the result of several mine trips by the writer and discussions with
the mine staff, in particular the mine geologist, Ed Harrison.

Figure

89 sunmarizes the nickel, cobalt and silicification trends for the Mag
mont mine and the northern portion of the Buick mine.
Silicification shows a marked trend of decrease from north to south
for the Magmont mine.
half of the Buick mine.

This trend is noted to continue for the northern
The remainder of the Buick mine has only rare

and sporadic silicification.
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Figure 89. Nickel-cobalt and silicification trends for the Magmont
mine and the north end of the Buick mine.
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Trends for cobalt and nickel are not as well developed in the Magmont mine.

However, both elements do show a slight tendency to increase

in concentration to the north of the shaft.

South of the shaft the

cobalt and nickel do not show significant trends, although in the COMINCO window property, both increase sharply in concentration probably as a
result of a merging of two cobalt-nickel zones.

At the ore body level,

north of the shaft the central ore body is relatively homogeneous with
only a slight increase in cobalt and nickel, while the east ore body
undergoes a more dramatic increase, probably accounting for the general
trend for cobalt and nickel to increase as noted above.
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V.

SOURCE ROCKS

A key consideration in any study of cobalt and nickel is the ques
tion of a source or sources for these elements.

At the present time,

many geologists favor a basinal brine model for generation of the ore
fluids in Mississippi Valley type ore deposits.

Various writers, such

as Brecke (1979) and Leach (1979), propose a common basinal source for
many of the lead-zinc deposits in Missouri and the surrounding states.
While most geologists do not oppose a common source for zinc and lead,
the scarcity of cobalt and nickel in the other Mississippi Valley dis
tricts in the midcontinent argues against a common source for these
elements.

Therefore, geologists have been forced to turn to other

sources for the cobalt and nickel.

Two of the most popular are the

Bonneterre Formation and the Precambrian basement.

Table XV presents

data from various sources on the concentrations of cobalt and nickel in
the Bonneterre Formation and Missouri Precambrian basement rocks.
Eighteen analyses of the Bonneterre Formation by the writer indi
cated average nickel and cobalt concentrations of 60 ppm and 5-7 ppm
respectively.

The world averages for a carbonate rock, reported by

Turekian and Wedepohl (1961), are 20 ppm nickel and 0.1 ppm cobalt.
Other writers report average cobalt values for carbonate rocks of up
to 13 ppm (i.e., Davidson, 1962).

In any event, the Bonneterre appears

to be anomalous, at least with respect to nickel.

However, it should

be taken into account that these analyses of the Bonneterre do not
include any samples taken at a distance greater than one and one-half
miles from the main ore trends.
Erickson, et al. (1979)

A recent study of the Bonneterre by

has concluded that a trace element halo exists
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TABLE XV

ARITHMETIC MEANS OF NICKEL AND COBALT IN SELECTED ROCK SAMPLES
FROM SOUTHEAST MISSOURI COMPARED TO WORLD AVERAGES (IN PPM)

Nickel

Cobalt

Missouri 1

World?

Missouri *

World?

Gram* te

1

4.5

17

1

Rhyolite

1.5

-

1

-

Rock Type

Basalt

148

130

23

48

Diorite

96

7

31

15

Syeni te

65

4

35

1

Carbonate

60 b t

20

5b t

0.1

^Analyses from G. Kisvarsanyi (1966) except syenite from Viets, et
a l . (1978) and carbonate by writer.
^Turekian and Wedepohl (1961)
BT = Bonneterre Formation
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around the ore deposits.

Therefore, disseminated mineralization intro

duced into the Bonneterre during the earliest phases of ore deposition
may explain the anomalous concentrations of nickel and cobalt in these
samples.
Further, the average nickel/cobalt ratio for the Bonneterre as
determined from these analyses is about 12 , whereas that for the ore
deposites is 1.6.

If leaching of nickel and cobalt from the Bonneterre

is to be considered a plausible mechanism, it must account for the ten
fold increase in cobalt in the ore with respect to the host rock.

Clear

ly, a reverse relationship where geochemically more mobile nickel moves
outward into the host rocks would be more consistent with the facts.
These facts, together with the previous conclusions on nickel and
cobalt in the host rocks (Chapter III), imply that the probable sequence
of events involves an initial introduction of nickel and cobalt with
early disseminated mineralization, possibly during deposition of the
earliest siegenite and chalcopyrite ores.

Later, changes in direction

of fluid flow and solution chemistry caused leaching of some of this
early disseminated mineralization, particularly to the west of the ore
bodies, and the leached metals were then either redeposited with the
ores or carried out of the system.

However, regardless of the mechanism

involved, the major point to be stressed is that the Bonneterre cannot
be regarded to be a potential source for much of the cobalt and nickel
in the ores.
The Precambrian basement should also be considered as a possible
source.

Alteration of the Precambrian is known to occur locally to

depths of several hundred feet, leading G. Kisvarsanyi (1977) to con
clude that the Precambrian could be a viable source for the metals.
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The bulk of the known Precambrian in Missouri consists of felsic
rocks.

Granite and rhyolites predominate.

Analyses shown in Table XV

do not suggest that the Missouri granites and rhyolites have good source
potential.

Nickel is actually below the world average for granites.

Cobalt appears to be well above the world average, but Turekian and
Wedepohl's figure of 1 ppm for cobalt in granites is thought by the
writer to be too low for an average granite.

In any event, the concen

trations of both nickel and cobalt are far too small to allow felsic
rocks to be a realistic source for these metals.

Erickson, et

al.

(1979) studied whole rock samples of granites and feldspar concentrates
from these granites and reached a similar conclusion.
Intermediate and mafic rocks are far less abundant in the southeast
Missouri Precambrian basement, but the higher concentrations of cobalt
and nickel reported for these rocks make them more attractive as sources.
Figure 90 is a map of the Precambrian basement underlying the Viburnum
Trend modified from the original published by Dr. Geza Kisvarsanyi,
University of Missouri-Rolla (1977).
The area on the map of the greatest interest is at the north end of
the Magmont mine.

This area has been well drilled and studied in detail

by mining companies.

Two intermediate rock types, a trachyte and an

altered syenite, have been mapped.
be present.

Diorite has also been reported to

Table XV shows that Missouri diorite and syenite are well

above the world average in cobalt and nickel content.

Also, the syenite

in particular has a nickel/cobalt ratio very close to that of the thio
spinel siegenite.

Unfortunately, it must be pointed out that many of the

analyses of Missouri diorite and syenite actually come from host rocks
in the vicinity of the Boss-Bixby copper deposit (see figure 90).

This
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Figure 90. Precambrian basement geology in the vicinity of the
Viburnum Trend (after Kisvarsanyi, 1977).
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deposit is known to have high concentrations of cobalt in the sulfide
ores and nickel in some of the silicate phases.

Therefore, the anoma

lously high concentrations of nickel and cobalt reported in the
intermediate rocks may result from subsequent addition of the metals by
hydrothermal solutions.

Further, calculations by the writer indicate

that the volume of intermediate rocks leached would have to exceed the
volume of the ores by 50 fold to account for all of the cobalt and nickel
present in the ores.

The present extent of mapped intermediate rock

types in the vicinity of the Viburnum Trend will not account for this
quantity of cobalt and nickel.

Therefore, as with the Bonneterre Forma

tion, intermediate rocks may have contributed some nickel and cobalt,
but probably not a significant amount.
Finally, the role of mafic source rocks should be considered.
Basalts are typically high in both nickel and cobalt, and Missouri
basalts appear to be no exception.

However, mafic rocks are virtually

nonexistent in proximity to the Viburnum Trend and are indeed rare
throughout southeast Missouri.
a good potential source.

Thus, they can almost be eliminated as

However, a recent article by Cordell (1979)

and map by E. Kisvarsanyi (1980) postulates the existence of a major
mafic intrusive body about 10 miles (16 km) in diameter located 25 miles
(40 km) to the west of the Viburnum Trend.

If this speculation proves

to be correct, such a large mafic intrusive could supply sufficient quan
tities of cobalt and nickel for the ores.

However, Cordell cautions

that the existence of this body is highly speculative.

This writer

chooses not to regard mafic rocks as a good potential source until such
time as there is more definitive proof as to their extent.
In conclusion, neither the Bonneterre Formation nor the Missouri
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Precambrian is regarded at this time to be a
all the cobalt and nickel in the ores.

satisfactory source for

Both potential sources may have

been leached slightly by traversing brines and contributed some nickel
and cobalt to the ore solutions, but to find a major source, it will
probably be necessary to look elsewhere.
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VI.

A.

THIOSPINELS

CRYSTALLOGRAPHY AND CRYSTAL CHEMISTRY
Five thiospinel minerals have been identified in southeast Missouri

ores.

Their paragenetic sequence is significant to the study of the

nickel-cobalt mineralization.

Prior to discussion of the paragenesis,

the writer has included a brief review of thiospinel crystal chemistry
and crystallography.

The writer has relied heavily on Vaughn

and

Craig (1978) and Prewitt and Rajamani (1974) for the following discus
sion.
The thiospinels consist of a cubic unit cell of the formula AE^S^
with a close packed anion lattice in which half the octahedral sites and
one-eighth of the tetrahedral sites are occupied by cations (Figure 91).
Divalent A and trivalent B cations occupy the tetrahedral and octahedral
sites.

The spinel structure may also be rationalized in terms of a

rhombohedral unit cell containing two AB 2S4 units (Figure 91c); with
ideal cubic close packing, the tetrahedral A sites are normal, but the
octahedral B sites are distorted along different {111} directions.
Thus, each sulfur anion is coordinated to three cations in octahedral
B sites and one cation in a tetrahedral A site along the {111) plane.
The compositions of naturally occurring thiospinels in the Fe-CoNi-Cu-S system are plotted in figure 92.

Complete solid solution

exists at elevated temperatures between carrollite and linnaeite,
linnaeite and polydymite, and polydymite and violarite.

The electronic

structures of the minerals in this series are best discussed using the
molecular orbital band approach in which the valence electrons are
delocalized (Goodenough, 1969).

The metals' 3d electrons fill stable
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(a)

(b )

(c)
Figure 91. The spinel structure and the thiospinels:
(a) arrangement of octahedral and tetrahedral units;
(b) metal-anion coordination; (c) distribution of atoms
in the rhombohedral cell (after von Philipsborn, 1974).

Greigite
F®3S4

Figure 92. The compositions of naturally occurring thiospinels
(from Craig and Carpenter, 1977).
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orbitals in the octahedral and tetrahedral sites with the additional
electrons (i.e., those not occupying specific sites) filling a broad
a* (antibonding) band.

Therefore, the major difference in electron

structure of these compounds is the occupancy of the a* band which
ranges from three electrons in Co^S^ to six in Ni^S^.

Notice from Table

XVI that increased occupancy of the a* band correlates with increased
cell dimensions and a decrease in thermal stability.
The actual formation of thiospinels in natural systems is influenced
by many other factors, but the above discussion is particularly useful
for understanding relationships between thiospinel minerals which may be
derived from the same ore forming solution (i.e., they should follow some
predictable pattern dictated by temperature, pressure and concentration).
B.

PARAGENESIS
Summarizing the paragenesis of the thiospinel minerals is particu

larly difficult since no two of the five thiospinels have been observed
in the same polished section .

However, certain observations can be

made about the geology of each occurrence which allow a generalized
paragenetic sequence to be suggested.

One hypothesis that must be

accepted is that the mineralization which occurs stratigraphically low
est in the section is the oldest.

Most geologists familiar with the

Lead Belt agree with this premise.
Cobalt-bearing minerals were first reported from the Missouri Pre
cambrian near Bixby, Missouri, by Smith (1963) (for a location, see
figure 90).

He identified cobaltite and suggested it was a rare con

stituent of the copper-iron ore body at Bixby.

Dan Stewart (personal

communication, 1975) indicated that unpublished studies by AZCON, Inc.,
had revealed the presence of a mineral suspected to be the thiospinel
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TABLE XVI

CRYSTAL CHEMISTRY AND STABILITY DATA
FOR SOME THIOSPINELS1

Composition
CUC02 S4

No. of
Anti bonding
Electrons Per
Formula Unit

Cell Size
a (A0 )

Thermal
Stability
(°C)

5

9.461

500

3

9.399

664

4-5

9.418

500

6

9.480

353

unknown

9.520

unknown

unknown

unknown

unknown

(Carrol 1ite)

Co 3S4
(Linnaeite)
(Co,Ni)3S 4
(Siegenite)
Ni3S 4
(Polydymite)
(Ni,Cu ,Co )3$4
(Fletcherite)
(Co,Ni,Cu)3S 4
(Nickelean
Carrol 1 ite)

Adapted from Vaughn and Craig (1978)
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carrollite.- To investigate this possibility, several polished sections
from the UMR reference collection were examined.

The presence of a

bright, white, subhedral to euhedral mineral with grain diameters often
exceeding 1 mm was noted (Figure 93).

Microprobe examination of the

grains gave the following results in weight %:
17.01% Cu, 1.18% N i , and 0.47% Fe.

39.84% S, 38.61% Co,

Based on these analyses, the mineral

is carrollite.
The paragenetic relationship of carrollite to the other thiospinels
is difficult to establish.

The Boss-Bixby copper-iron deposit occurs in

Precambrian rocks and has been generally accepted to be of Precambrian
age.

However, there are certain facts which mitigate against this

theory.

The iron and copper mineralizations are distinctly segregated

occurrences (Dan Stewart, personal communication, 1979, and Smith, 1968).
Smith (1968) and Kisvarsanyi (1966) conclude that the sulfides are later
than the oxides and favor the highly brecciated areas.

Also, although

a deeply weathered zone is present over the oxide ores, it is far less
well developed above the sulfides.

In fact, cuprite and covellite are

the only distinctly supergene minerals in association with the copper
mineralization, and these are rare.

Further, examination of polished

sections revealed the presence of chalcopyrite grains which appear to
surround and replace supergene hematite rims around magnetite (figure
94).

If this a correct interpretation, the chalcopyrite must be post

supergene alteration of the iron oxides.

Unfortunately, the writer is

handicapped by his lack of knowledge of the exact location of the samples
and therefore, the hematite could be of hypogene origin.
indicates, however, that for this texture, it is unlikely.

Experience
If the sul

fides actually were introduced later than the oxides, they may be late
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Figure 93. Carrollite (white) brecciated and infilled by
chalcopyrite (yellow). 200X

Figure 94. Supergene (?) hematite (light gray) rimming
magnetite (dark gray). Hematite and magnetite are enclosed
and partially replaced by later pyrite (white) and chalco
pyrite (yellow). 500X
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Precambrian.or early Paleozoic in age and significantly younger than
previously thought.

Irregardless, the mineralization at Boss-Bixby is

older than that in the overlying deposits in the Lamotte and Bonneterre
Formations and carrollite is the oldest of the thiospinels.
Nickelean carrollite has been found in two locations.
bornite pods at the Sweetwater mine.

One is the

Clendenin (1977) states that this

mineralization was deposited during the earliest phase of ore formation.
Further, the textural relationship between nickelean carrollite and
chalcopyrite establishes it as being pre-chalcopyrite.

The second occur

rence in the sandy facies of the Lower Bonneterre and Upper Lamotte
Formations at the Madison mine is also pre-chalcopyrite.

This minerali

zation is the stratigraphically lowest in the mine and in all probability
also the oldest.

The nickel/cobalt ratio of 0.85 for Indian Creek

suggests that nickelean carrollite may be present there also.

Thus, it

appears that in most cases, the earliest thiospinels directly associated
with lead-zinc mineralization were nickelean carrollites.
FI etcherite, first described by Craig and Carpenter (1977) from
bornite pods at the Fletcher mine, is a thiospinel of the approximate
composition Cu(Ni,Co)2S^.

The major difference between fletcherite and

nickelean carrollite is that fletcherite contains a greater percentage
of nickel and a lesser percentage of cobalt than nickelean carrollite
(see figure 92).

The existence of a. solid solution between nickelean

carrollite and fletcherite has not been established.

Hagni (personal

communication, 1978) believes that fletcherite has formed as metacrysts
after the enclosing chalcopyrite and bornite because the euhedral crys
tals contain tiny "sea islands" of these two minerals.

Craig and

Carpenter (1977) conclude that the smooth grain boundries and euhedral
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shapes of fletcherite indicate it must have been deposited in near
equilibrium with the co-existing chalcopyrite.

Whichever conclusion is

preferred, if it is assumed that the bornite pods at both Fletcher and
Sweetwater mines are of approximately the same age, then fletcherite is
paragenetically later than nickelean carrollite, since nickelean carrol
lite is always observed to be pre-chalcopyrite, while fletcherite is
either coincident with or post-chalcopyrite.
Siegenite has been deposited repetitively over a long time period,
but it has been found that for the Fredericktown area that siegenite is
restricted to stratigraphically younger ores overlying the nickelean
carrollite.

For the Viburnum Trend, siegenite is most common and may

be nearly restricted to the younger breccia and bedded replacement
ores.

Studies of numerous polished sections from bornite pod ores did

not establish the presence of siegenite.

Thus, it would seem that

siegenite is later than both nickelean carrollite and fletcherite.
Polydymite is the last thiospinel to be deposited.
been established to be a supergene

Since it has

alteration product, its relationship

to the other hypogene thiospinels is less important, but it will be
considered in any overall conclusions on the thiospinel paragenesis.
Figures 95 and 96 summarize the average compositions and paragene
sis of Missouri thiospinels.

Two trends are readily apparent.

One is

a distinct increase in nickel content with time, and the second, a
general decrease in cobalt content with time.

It should be noted that

substitution of copper for cobalt affected the latter trend and may
also have some effect on the nickel trend.
C.

THEORETICAL CONSIDERATIONS
It is important to consider the significance of these trends.
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Cu

Figure 95. Ternary plot of the copper, nickel and cobalt
contents of southeast Missouri thiospinels. Arrows indicate
the paragenetic sequence. Some data from Craig and Carpenter
(1977).
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Mineral

Paragenesis

Carrollite

% Cu

Ni/Co
Ratio

% Co

% Ni

38.6

1.2

11.0

0 .0 3

2 6 .2

18. 1

11.6

0 .6 9

11.9

2.7.2

16.6

2.27

31.2

<1.0

1.35

54.2

<1.0

33.88

Co 2 .1 CU0 .9 S 4

Nickelan
Carrollite
N* |.cP°|.4 C u0j6S 4

Fletcherite
N II.5C°0.6C u 0 S S4

Siegenite
Ni l.3C°l.7 S4

Polydymite

•
•
•

23.1

1.6

Ni3S4

Figure 96. Paragenetic sequence and average cobalt, nickel and copper contents of
southeast Missouri thiospinels. Some data from Craig and Carpenter (1977).
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Carrollite, nickelean carrollite and fletcherite were all deposited just
prior to or contemporaneously with chalcopyrite, and the high concentra
tion of copper in these minerals reflects its availability in the ore
bearing solutions.

Siegenite was deposited after the deposition of

chalcopyrite and contains very little copper.
Although the assignment of formal valence states for metal ions in
thiospinels has little significance (Goodenough, 1969), it can shed some
light on the paragenetic sequence.

The +3 valence sites for the early

thiospinels are occupied largely by cobalt ions.

Trivalent copper is

unknown and trivalent nickel appears to be common only in those minerals
deposited after nickelean carrollite.
The first mineral in the paragenetic sequence is carrollite (Co£ ^
Cu0 gS^), in which cobalt occupies all the trivalent and some of the
divalent sites, with copper filling the remaining divalent sites.

Car

roll ite is followed in the paragenetic sequence by nickelean carrollite
(Nij q Co ^ ^C u q gS^).

Cobalt remains in the trivalent state, but some

nickel is now also present in the trivalent state.
are filled by nickel and copper ions.

The divalent sites

Deposition of fletcherite (Ni^ 5

C°0 6CUq gS^) occurs as cobalt is beginning to be depleted in the ore
solutions.

Cobalt continues to fill some trivalent sites, but only with

the oxidation of sufficient nickel to the trivalent state to insure
electrical neutrality is there deposition of a thiospinel.

Copper and

nickel are present in sufficient quantity to satisfy the divalent sites.
This may in part explain the extreme rarity of fletcherite.

At this

time, conditions were generally not favorable for the oxidation of suf
ficient nickel to the trivalent state, and with little cobalt available,
deposition of thiospinels was not favored.

Siegenite (Ni^ yCo^ gS^) was
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deposited only after copper had been depleted and cobalt had again be
come an important cation.
alteration of millerite.

Finally, polydymite (Ni^S^) was formed by the
For this to occur, at least half of the nickel

must be oxidized to the trivalent state.
It is evident from the foregoing that nickel is the most critical
cation.

It occupies both divalent and trivalent states in the different

thiospinels.

Its valence is controlled by the Eh and pH conditions of

the solutions.

In general, it may be theorized that the earliest

solutions (i.e., those that deposited carrollite) were probably less
oxidizing, allowing cobalt to occur both as Co

+2

and Co

+3

ions.

With

deposition of nickelean carrollite and subsequent fletcherite, condi
tions became progressively more oxidizing as additional nickel was
oxidized to the trivalent state and all of the cobalt was oxidized to
the Co

+3

state.

Conditions for the deposition of siegenite probably

differed little from those of fletcherite, although the depletion of
copper may have had significant effects on the chemistry of the ore
solutions.

Finally, polydymite was formed under the most oxidizing

conditions since it is a supergene alteration product.
It has been shown that the Missouri thiospinels have been deposited
in a predictable sequence.

The earliest thiospinels were cobalt and

copper rich, whereas the later thiospinels were nickel rich.

A signifi

cant point is that the paragenetic sequence includes deposits in the
Precambrian and Cambrian Lamotte and Bonneterre Formations.

Any theory

of genesis for the lead-zinc deposits should attempt to explain the
relationships and paragenetic sequence of the thiospinel minerals.
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VII.

METALLURGICAL CONSIDERATIONS OF
THE BUICK MINE ORES

The presence of siegenite in the ores presents a significant
mineral dressing problem for the AMAX Lead Company.

Its intimate asso

ciation with chalcopyrite and sphalerite results in the production of
concentrates which often are penalized at the smelter, causing the
presence of siegenite in the ores to be considered deleterious.

However,

in recent years, rapid excalation of cobalt prices has generated inter
est in the possible separation and economic recovery of siegenite.
This chapter will examine the recoverability of siegenite.
Although not primarily designed for descriptions of ore textures,
the writer has chosen to adopt the locking terms employed by Amstutz
(1960).

Siegenite occurs most intimately associated with chalcopyrite.

Locking is of the la, lb, 2a and 3a types (Figure 97) in simple binary
particles.

However, these locking types are complicated by the grain

size of siegenite.

For the most part, with a few notable exceptions,

siegenite grains are small (<50 micrometers).

This is particularly

true for the type 2a, or coating, relationship (Figure 12).
of 50% of the binary locked siegenite occurs in this manner.

In excess
The sie

genite coatings on chalcopyrite are generally less than 40 micrometers
thick and only a grind of 75% -25 micrometers would result in an effec
tive liberation.
The second most common binary locking (approximately 35%) is the
type lb, or mottled, locking.

The grain size of siegenite varies sig

nificantly from less than 50 micrometers to over 200 micrometers for
this type of locking.

At the larger

grain

sizes,

it

grades
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*

Type la

Simple-intergrowth or locking type; rectilinear or gently curved
boundaries. Most common type.

Type lb

Mottled, spotty, or amoeba type locking or intergrowth.
common pattern.

Type lc

Graphic, myrmekitic, or "eutectic" type.

Type Id

Disseminated, emulsion-like, drop-like, buckshot or peppered type
Common.

Type 2a

Coated, mantled, enveloped, corona-, rim-, ring-, shell-, or
atoll-like. Common.

Type 2b

Concentric-spherulitic, or multiple shell type.

Type 3a

Vein-like, stringer-like, or sandwich type.

Type 3b

Lamellae, layered, or polysynthetic type.

Type 3c

Network, boxwork, or Widmanstatter type.

Figure 97.

Simple,

Common.

Fairly common.

Common.
Less common.

Less common.

Classification of locking textures (from Amstutz, 1960).
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into the simple intergrowth locking of type la.

Since the average grain

size is 100 micrometers, and the locking simple, this type of inter
growth could be separated at a much coarser and more metallurgically
efficient grind.
Particles locked in types la and 3a constitute about 15% of the
total binary locked siegenite.

Of this, the type la locking is easily

liberated at a coarse grind since the siegenite grains are often greater
than 200 micrometers in diameter.

Type 3a locking, or veining, is less

common than type la and has highly variable grain sizes from less than
5 micrometers to more than 100 micrometers.

One complication for the

vein type texture is that the chalcopyrite has often been completely
replaced by galena, resulting in linear replacement remnants of siegen
ite in galena (Figure 15).

In fact, much of the siegenite that reports

to the lead concentrate is probably locked in this manner.
Siegenite is also observed in ternary locked particles with sphal
erite and chalcopyrite (Figure 14).

Siegenite and chalcopyrite are

replacing sphalerite along crystal planes.

This type of locking is

characterized by a much finer grain size for the siegenite, usually less
than 25 micrometers, and presents a potentially insurmountable milling
problem.

The locking is so complex and intimate that it is doubtful

anything less than a very fine grind, probably 75% -10 micrometers,
would result in effective liberation.

Therefore, the recovery of siegen

ite from ores in which it is locked in fine grained ternary phases with
chalcopyrite and sphalerite is not practical.

However, an exception

may be present for the ores from the south end of the mine.

Replacement

of sphalerite by siegenite and chalcopyrite is more advanced, and grain
size may be coarse enough to allow an effective liberation at a fine
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grind.
Studies of polished sections arranged systematically from north to
south along the strike of the ore zone showed metallurgically signifi
cant changes in the character of the ore.

These changes could be

exploited to provide an optimum recovery of siegenite.

For the west ore

body north of the shaft, it was noted that replacement of chalcopyrite
by siegenite becomes more advanced southward.
the actual grade of nickel and cobalt declines.

This occurs even though
Thus, ores from the

west ore body, particularly in the vicinity of the shaft, provide an
ideal coarse grained siegenite with type la and lb locking that can be
readily separated.

Northward near the Magmont-Buick property boundary,

grain size decreases, and although siegenite becomes more abundant, it
is more difficult to recover since type 3a locking is dominant.
Immediately south of the Buick mine shaft, two generations of sie
genite are present.

One is pre-sphalerite and the other post-sphalerite.

The pre-sphalerite siegenite is generally coarse grained and occurs in
binary locked particles with chalcopyrite, and although not abundant, is
recoverable.

The post-sphalerite siegenite occurs as replacements along

sphalerite crystal planes and is extremely fine grained, with grain
diameters of a few micrometers.

Due to the small grain size, this gen

eration of siegenite is not economically recoverable.
Further to the south, the early generation of siegenite disappears,
having been completely replaced by sphalerite.

However, the later gen

eration of post-sphalerite siegenite becomes more common, and the
replacement of sphalerite more advanced.

Unfortunately, throughout much

of the west ore body south of the shaft, the grain size of siegenite
remains too small, and the intergrowth too complex to make it economically
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recoverable.
Studies of a small number of polished sections from the east ore
body have failed to establish similar trends for siegenite ore textures.
Throughout the length of the east ore horizon, the siegenite occurs as
type 3a, la and lb locked particles with grain size varying randomly.
Ternary locking of siegenite with sphalerite and chalcopyrite was not
observed.

However, a simple la type binary locking of siegenite with

pyrite and marcasite was occasionally seen in polished section (Figure
98).

On the whole, east ore body siegenite appears to be more uniform

in its textures and grain size, but the writer cautions that the small
number of polished sections studied (17) may not be a representative
sample.
Although only a limited study has been made of the ore north of
Magmont's window property, it appears that the siegenite is very coarse
grained, locally exceeding one millimeter in diameter, and commonly
occurs in dendritic intergrowths with chalcopyrite.

Even though the

locking is generally of the 3a type, the ore is sufficiently coarse
grained to allow a good separation.
Important points that can be made from this study are the following
1)

Most of the recoverable siegenite occurs in binary locked par

ticles with chalcopyrite.
2)

Thus, optimum recovery of siegenite can best be achieved by

first separating siegenite and chalcopyrite from sphalerite as a
bulk concentrate, regrinding the chalcopyrite and siegenite con
centrate, and floating the siegenite.
3)

Ore textures vary systematically within the ore bodies and can

be predicted by ore microscopic studies of drill core prior to

• *
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Figure 98. Simple binary type locking of siegenite (creamy
white) and marcasite (white). 100X
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mining.

This would allow recovery of some siegenite from those

areas in the mine where it occurs in simple binary locking textures
and relatively coarse grain sizes.
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VIII.

A.

ADDITIONAL CONSIDERATIONS

THEORETICAL PHASE RELATIONSHIPS
Very few phase equilibria studies of the cobalt-nickel-sulfur system

have been published.

One reason may be the rarity of cobalt-nickel sul

fides in ore deposits of ecomonic significance.

A study by Craig and

Higgins (1974) demonstrated that at elevated temperatures, complete solid
solution occurs between NigS^ (polydymite) and COgS^ (linnaeite).

How

ever, analyses of naturally occurring thiospinels indicates that
miscibility gaps may be present at lower temperatures.

The absence of

thiospinels on the nickel-cobalt tie line with nickel/cobalt ratios less
than 0.85 or greater than 1.66 indicates that solid solution is limited
in southeast Missouri ores and places an upper limit of approximately
400°C on formation of the siegenite (Figure 92).
The nickel-sulfur system (Figure 99) is of interest due to the
presence of vaesite, polydymite and millerite in the Buick ores.

Vaesite

is stable at all temperatures below 1072°C, while polydymite is stable
below 356°C and millerite below 379°C.

However, when the millerite-

polydymite assemblage is present in equilibrium and sulfur is up to 2
weight % deficient as at the Buick mine, the maximum thermal stability
may be lowered to 282°C.

Unfortunately, since polydymite, and possibly

millerite, are supergene minerals, they were probably deposited at
temperatures well below 282°C.
The iron-nickel-sulfur system is also of interest to this study.
Several minerals are present at the Buick mine which would be included
in this system:
polydymite.

pyrite, marcasite, bravoite, vaesite, millerite and

Unfortunately, at temperatures below 200°C metastable
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equilibrium is often common.

Bravoite was once thought to be stable in

the presence of pyrite only at temperatures below 173°C (Clark and Kullerud, 1963), however, later work by Springer, et al. (1965)

and

Shimazaki (1971) has shown that all natural bravoites are metastable.
It is interesting to note that two alternative interpretations of phase
relationships below 200°C have been published (Figure 100).

The first

alternative (Figure 100a) is suggested by the development of supergene
violarite on pentlandite (Misra and Fleet, 1974).

The second alterna

tive (Figure 100b) is supported by the presence of hypogene pyrite and
millerite assemblages, and the growth of supergene millerite whiskers
on pyrite (Keele and Nickel, 1974; Hudson and Groves, 1974).

The

writer's observations concur with the first alternative, since no
polydymites with iron contents greater than 5% were formed by the
alteration of millerite.
Little real data is available for gersdorffite (NiAsS).
found that gersdorffite is stable below 700°C.
probably present as the polymorph luzonite.

Yund (1963)

Enargite (Cu^AsS^) is

According to Maske, et al.

(1971), luzonite is stable below 300°C.
At best, the above relationships indicate a very wide range of
stabilities and can only place a maximum temperature on the system.
This theoretical maximum would be 300-400°C for the nickel-cobalt min
eralization.

However, it has been found from fluid inclusion studies

that the actual maximum temperature of ore formation was almost certainly
below 200°C.

The presence of supergene mineral assemblages within the

paragenetic sequence would also argue that at least at times during
the depositional history of the ores, the temperature was well below
200°C.

Therefore, the only constraint theoretical phase diagrams place
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Figure 100. Two interpretations of phase relationships in the Ni-Fe-S
system below 200°C (after Craig and Scott, 1974).
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on any model, is that the ore fluids must have relatively low tempera
tures at the site of deposition, generally less than 300°C.
B.

NICKEL/COBALT RATIOS
Although the nickel/cobalt ratios in southeast Missouri ores have

been discussed throughout this dissertation, little consideration has
been given to the topic of nickel/cobalt ratios as indicators of ore
genesis.
(1962).

Perhaps, the best summary of this topic is given by Davidson
He interprets all ore deposits to be alternatively derived

from one of two sources, either igneous emanations, which include late
stage hydrothermal fluids and leaching of metals from igneous rocks, or
sediments.
Analysis of nickel/cobalt ratios in igneous rocks shows that the
nickel/cobalt ratios increase from felsic to mafic rock types.

Davidson

concludes that only in granites and late stage hydrothermal fluids
derived from granitic magmas, does cobalt exceed nickel.

He also ana

lyzed the nickel/cobalt ratios of sediments and reported all sediments
to be enriched in nickel with respect to cobalt, limestones having the
lowest ratios (-1.5) and mudstones having the highest ratios (-5).
Further, sedimentary rocks in the vicinity of ore deposits often show
ratios

very near those in the ores, even though the ores are of dis

tinctly hydrothermal origin.

Thus, Davidson concludes that nickel/

cobalt ratios for sediments often have little significance unless it can
be clearly established by other means that the ores are of sedimentary
affiliation.
Based upon the conclusions of Davidson, if the nickel and cobalt in
southeast Missouri ores were to be derived from igneous rocks or hydrothermal fluids associated with igneous emanations, only intermediate to
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mafic magmas or rocks would be good potential sources.
the writer's conclusions on sources.

This agrees with

Conversely, if the ores are of

sedimentary affiliation, nickel/cobalt ratios in the sediments immedi
ately adjacent to the ores cannot be used to prove a sedimentary origin,
since these rocks would be expected to be enriched in metals whatever
the mechanism of emplacement of the ores.

The fact that nickel/cobalt

ratios in southeast Missouri ores (1.6) differ from those in the host
rocks (>8) has been explained by early dissemination of more mobile
nickel into the host rocks.

It is interesting to note that Davidson

concludes that African red bed copper deposits probably formed by remo
bilization of metals originally deposited by a regional hydrothermal
fluid.

A similar remobilization of some of the early nickel deposited

in the Bonneterre host rocks has been suggested by the present writer.
C.

NICKEL AND COBALT OCCURRENCES IN OTHER MISSISSIPPI VALLEY DISTRICTS
There are few reported occurrences of nickel or cobalt in other

Mississippi Valley type districts.

Studies of the East Tennessee Dis

trict by West (1974) and Snyder (1975) found very low concentrations of
cobalt in both the host rocks and ores, leading Snyder to conclude that
the cobalt in the ores probably represented original concentrations
present in the sediments.

Similar trace element studies for the newly

discovered Central Tennessee District are not available, however, nickel
and cobalt concentrations in these ores are extremely low, only a few
tens of parts per million.
Studies of the Southern Illinois Fluorospar District (Hall and Heyl,
1968) report very low concentrations of nickel and cobalt in sphalerite,
several orders of magnitude less than in southeast Missouri.

Hall and

Heyl conclude that the metals were probably introduced from basement
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derived fluids.

Park (1968) reports the presence of minor bravoite in

the district.
Nickel and cobalt occur in insignificant amounts in pyrite and mar
casite from the Tri-State District (Haqni, personal communication, 1980).
The Upper Mississippi Valley District is perhaps the only other
Mississippi Valley district where nickel-cobalt minerals have been
reported.

Heyl, et al. (1959), describe millerite, violarite, cobal-

tite and honessite.

All are associated with areas of iron sulfide

mineralization and are generally restricted to the stratigraphically
lowest portions of the ore bodies.

Heyl also notes the nickel-cobalt

sulfides are restricted to occurrences in two widely separated areas,
one near the north edge of the district, and a second at the south edge
of the district.

In both cases, the nickel-cobalt sulfides are associ

ated with areas of high grade zinc mineralization.

Andrew Visocan

(Division Manager, Eagle Picher Industries) indicated that possibly
these two areas might be connected by a long linear north-south
trending zone of nickel and cobalt extending through the district.

Heyl

(1967) also briefly mentioned the presence of millerite, violarite,
bravoite and honessite in the ores, and concluded both violarite and
bravoite formed by supergene alteration of millerite.

He concluded

that the ore deposits may have formed by a mixing of connate and meteor
ic waters which were mobilized by heated solutions from a deeper basement
source.
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IX.

SUMMARY AND CONCLUSIONS

The most important results of this research will be summarized in
the following section.

The summary will consider the results in a logi

cal manner on which to build both conclusions and a model, and not
necessarily in the order in which they were presented in the body of the
dissertation.
A.

SUMMARY
The most important conclusions based on regional geochemistry are

the following:
1)

The greatest concentrations of cobalt and nickel in southeast

Missouri occur in the ore deposits of the Fredericktown area.
2)

The next greatest concentrations of cobalt and nickel are

present in the Viburnum Trend, with the highest reported values at
the Magmont and Buick mines.
3)

The concentration of cobalt and nickel decreases southward from

the Magmont to the Brushy Creek mine, increases at the Fletcher
mine, and decreases again at the Sweetwater mine.
4)

The nickel/cobalt ratio shows little or no variation in the

Fredericktown area, indicating a common proximal source for these
metals in this sub-district.

For the Viburnum Trend, the nickel/

cobalt ratio increases southward from the Magmont mine to the
Brushy Creek mine, then decreases southward to the Sweetwater
mine.

When coupled with the pattern for cobalt-nickel concentra

tions this indicates two possible sources, one near the Magmont
mine and a second at the south end of the Trend near the Fletcher
or Sweetwater mines.

201

Buick mine geochemical trends can be summarized by the following
points:
1)

The regional trends are repeated at the mine level (i.e.,the

cobalt and nickel concentrations decrease from north to south,
whereas the nickel/cobalt ratio increases).
2)

Comparisons of nickel and cobalt trends for individual ore

bodies (i.e., east and west), reveals differing patterns, indicating
that the mineralization may not be contemporaneous from ore body to
ore body.
3)

Studies of east-west zoning patterns have shown the existence

of two well developed cobalt-nickel zones within the Buick mine.
One zone, continuous throughout the mine, lies along the east flank
of the west ore body.

A second zone, occurring in the center of

the west ore body, is of lower grade and is more discontinuous.
4)

Vertical zoning patterns indicate an increase in nickel/cobalt

ratios toward the center of the nickel-cobalt zones.

This is

interpreted as having resulted from deposition of the earliest
mineralization along the flanks of the zone with succeedingly
younger, more nickel-rich generations toward the center.
Some geochemical trends were also noted for the Magmont mine.
These can be summarized as follows:
1)

The Magmont mine revealed a similar, though less well defined

trend.for cobalt and nickel to decrease from north to south.
2)

Si 1icification shows a pronounced decrease from north to south

in the Magmont mine.

This trend continues into the northern por

tion of the Buick mine.
The most important mineralogic and paragenetic trends for the Buick
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mine are:
1)

Siegenite is the most abundant cobalt-nickel sulfide present,

with lesser bravoite and rare millerite, polydymite, vaesite and
gersdorffite.
2)

Siegenite is most commonly associated with chalcopyrite and

less commonly with sphalerite.
3)

At least two generations of siegenite are present in the massive

ores, with the second generation becoming more abundant at the
south end of the mine.

This indicates the mineralization in the

southern portion of the Buick mine is younger.
4)

The arsenic-bearing minerals, gersdorffite, enargite and tennan-

tite,were all deposited during a single stage of arsenic
mineralization.
5)

Galena was found to have a decreasing trace element content

with time (i.e.,the paragenetically oldest samples had the highest
concentration of trace elements).

This has been interpreted by

others to indicate a decrease in temperature of the ore fluids with
time.
6)

Millerite has undergone supergene alteration to polydymite.

The alteration occurred subsequent to the leaching of vug-filling
octahedral galena, during, or slightly later than, the major stage
of silicification, but prior to the deposition of cubic galena.
This indicates a mixing of supergene and hypogene fluids during
dissolution and silicification.
Ore microscopic studies of the Sweetwater (Milliken) mine ores have
noted the following:
1)

Siegenite, the most common thiospinel, is generally coarser
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grained, texturally simpler, and less abundant than at the Buick
mine.
2)

Nickelean carrollite is the dominant and perhaps only thio

spinel in the Sweetwater mine "bornite pods."
An ore microscopic study of the Madison mine ores has also been
completed.
1)

It has shown the following:

Siegenite is the most common thiospinel; its textures and

occurrences are similar to those at the Buick mine.
2)

Bravoite is more abundant at the Madison mine than elsewhere

in southeast Missouri, and paragenetically late bravoite is espe
cially so.
3)

Nickelean carrollite is the dominant thiospinel in the strati-

graphically lowest ores, siegenite becoming more dominant in
stratigraphically higher ores.
Brief ore microscopic studies of the Mine La Motte and Higdon
deposits were also completed.
1)

These studies have shown that:

At Mine La Motte, cobalt-rich siegenite is the dominant thio

spinel in the lower sandstone ores, with nickel-rich siegenite the
dominant thiospinel in the carbonate ores.
2)

The Higdon deposit appears to be similar to Mine La Motte.

Analyses of host rocks in the Viburnum Trend have shown the
following:
1)

The average concentrations of nickel and cobalt in samples

analyzed from the Bonneterre Formation were 60 ppm and 5-7 ppm
respectively.
2)

The nickel/cobalt ratio is about 12.

The average concentration of nickel is about 30 ppm higher in

samples from the Bonneterre Formation to the west of the ore bodies.
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Several potential sources of nickel and cobalt have been considered.
Important points can be summarized as follows:
1)

The Bonneterre Formation may have contributed a small amount

of nickel and cobalt to the ores, but more likely, most of the
nickel and cobalt in the Bonneterre was actually introduced by
mineralizing solutions.
2)

Granitic rocks are not a viable source for nickel and cobalt.

3)

Intermediate and mafic rocks could be a good potential source,

but the present known extent of these rocks can only account for
a small proportion of the cobalt and nickel.
Studies of thiospinel mineralogy and paragenesis have shown:
1)

Thiospinel minerals in deposits in Precambrian igneous rocks

and the Cambrian Lamotte and Bonneterre Formations show a sequence
of increasing nickel and decreasing cobalt and copper content with
time.
2)

This sequence can be predicted based on an increasing oxidation

potential of the ore fluids.
B.

CONCLUSIONS
Any model proposed for the genesis of southeast Missouri ores must

explain the presence of large amounts of cobalt and nickel in these ores.
A number of observations on cobalt and nickel have been made throughout
this dissertation, but the salient facts pertaining to genesis can be
narrowed down to a few important points.
1)

These are:

Rather than a single regional source for cobalt and nickel,

local sources are present proximal to those deposits containing the
highest cobalt and nickel concentrations.
sources are suggested:

A minimum of three

one major source in the Fredericktown area,
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a second major source in the vicinity of the Magmont mine, and a
minor source near the Fletcher mine.
2)

The earliest cobalt-nickel mineralization was cobalt-rich,

becoming more nickel-rich with time.
3)

The overall paragenesis of thiospinels indicates that oxidation

potential (Eh) of the ores increases in a predictable sequence.
This infers that there is a genetic link between deposits in the
Precambrian and Cambrian Lamotte and Bonneterre Formations.
4)

Supergene alteration has occurred late in the mineralizing

sequence indicating a mixing of supergene and hypogene fluids.
A proposed model for the southeast Missouri lead-zinc district is
depicted in figure 101 and 102.

The writer feels that the observed

facts are best explained by a model which proposes that basement derived
hydrothermal solutions, possibly resulting from late stage differentia
tion of a nickel-cobalt-rich mafic magma, migrated upward through fault
zones and along contacts between igneous rock units to form the coppercobalt deposits in the Precambrian rocks, such as the Boss-Bixby deposit.
Emplacement of these deposits occurred in the late Precambrian or early
Paleozoic.

At some point during the waning stages of mafic intrusive

activity, a regional thermal event caused migration of sedimentary
basinal brines bearing zinc, lead and some copper, up dip through perme
able horizons in the Lamotte and Bonneterre Formations.

This regional

event probably also provided additional impetus for basement hydrother
mal activity, driving hydrothermal fluids upward into the overlying
sediments.

A resultant mixing of basement derived hydrothermal fluids

and basinal brines periodically occurred.

These "mixed fluids" then

followed available pathways to sites of deposition in the Upper Lamotte
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Supergene fluids

Back Reef

Co-Ni-Cu-Si

Brines +
Co-Ni-Cu
from basement

decrease southward

Fore Reef

iO

Basina/
Figure 101.

brines

Proposed model for the formation of the southeast Missouri ore deposits
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A

Figure 102.

Cross section (A-A*) of the proposed model shown in figure 101.
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and Bonneterre.

Late in the mineralizing sequence, a mixing of these

hybrid hydrothermal-basinal fluids with supergene meteoric fluids may
have occurred.

The resulting disequilibrium caused dissolution and

silicification.
The model envisions that the north-south decrease in cobalt and
nickel in the Viburnum Trend resulted from the pathways followed by the
ore solutions.

Brines migrating eastward through the Lamotte-Bonneterre

encountered hydrothermal solutions to the west of the present Magmont
mine.

These solutions were then channeled into the linear north-south

trending breccia in the vicinity of the north end of the Magmont mine
and moved southward.

The differing distribution patterns for zinc and

iron suggest that ore solution pathways must have shifted from time to
time.
Systematic changes in Eh of the ore solutions caused the earliest
mineralization to be more cobalt-rich, becoming more nickel-rich with
time.

It is equally likely that pH and temperature also changed with

time.

In fact, the limited data on thermal stability of thiospinels and

trace element contents of galena appear to suggest a systematic decrease
in temperature of the ore solutions with time.

The contribution of

supergene fluids to the mineralization may have been small.

In all

likelihood, it resulted only in a disequilibrium with accompanying dis
solution, alteration, silicification and reprecipitation of sulfides.
It is concluded that mixing of solutions is a viable mechanism for
formation of the southeast Missouri ores, and that nickel and cobalt and
possibly some copper were derived from basement-generated hydrothermal
solutions with some indirect contribution, possibly by leaching, from
Precambrian intermediate and mafic rocks.

The metals were added to
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traversing basinal brines and carried to depositional sites in the Upper
Lamotte and Bonneterre Formations.

Later supergene fluids remobilized

some of the previously deposited sulfide minerals.
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